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ABSTRA(:T

We have studied tile effects of shattering in grain-grain collisions. Based upon ex-

tensive mnnerical simulation of surface explosions and impacts, an analytical model

has been developed which relates the final crater mass and fragment size distrilm-

tion to the relative collision velocity, grain sizes, and ma.terial properties of projectile

and target. Ore' model contains one free parameter, the critical shock pressure fl,r

shattering. We have compared the calculated cra.ter nlasses to laboratory expel'-

iments on (sub)micron-sized particle impacts on a wide variety of nlaterials and

find good agreement assuming that the critical pressure for shattering is equal to

the shear strength of the material. This (:ritical pressure corresponds to minimum

collision velocities of _ 1 km s-1 for shattering to occur. The shattering threshold

is much smaller than tile vaporization threshoht, and we therefore conclude that

shattering dominates over vaporization in grain-grain cellisions. The cah'ulated size

distribution of the shattered fragments scales with a-a'a; slightly less steep than the,

Mathis, 1R.umpl & Nordsieck (1977, MRN) size distribution. Essentially any shatter-

ing model where the size of the fragments is related to the pressure experienced will

lead to fragment power law size distributions with indices slightly steeper than _ 3.

The maximmn fi'agment size increases with increasing (:rater size (i. e., increa.sing

collision velocity) until the target grain is completely disrupted by the collision. For

higher velocity collisions, our theory predicts that the maximum shattered fraglnent

size will decrease again.

Dust destruction (return of grain mass to the gas) in the interstellar medium occurs

predominantly in shock waves in the warm neutral/ionized medium (density __ 0.25

cm -a, temperature __ 104 K). The new theory for grain shattering in grain-grain

collisions has been incorporated into a grain destruction code and used to re-evaluate

the grain destrm:tion rate in interstellar shocks in th_ %varlll lnediuln. V_refind that,

for all the grain materials we consider (graphite, silicate, silicon carbide,, diamond,

iron, and ice) non-thermal and thermal sputtering dominate the grain destruction.

We also find that grain disruption (shattering) in grain-grain collisions dominates

the grain mass re-distribution.

We present detailed results for grain destruction as a function of the grain size and

composition. In particular, we consider M1RN size distributions of silicate and car-

bonaceous (amort)ho,ts carl_on/graphite) grains. \¥e also present results for silicon

carbide, diamond, iron, and ice test particles. For both carbonaceous and silicate

grains we find that the fractional destruction (i. e., return of solid material to the

gas phase) is _< 0.5, for _,, _ 200 km s-1. The grain lifetim_s against destruction,

assuming the three-phase model of the interstellar medimn, are 6 x 10 s yr, and

4 x 108 yr, for carbonaceous and silica.te grains, rest)ectively, only slightly hmger

than previous studies that ignored shattering.

Grain shattering in grain-grain collisions in shock waves leads to the r_-distrilmtion

of tile dust mass from large grains ((_ _> 1000A) into small grains (¢_ < 500A). Af-

ter i)rocessing by a single shock, a major fra.cti_m of the grains la.rger than 301)A

have experienced shattering grain-grain collisions. The slope of the fragment sizc.

distrilmtion produced in single collisions has little influence, on the size distill,u-

tion produced by shocks. Essentially, the resulting grain siz_ distrilmtion is slightly



steeperthan MRN, becausetile largest grains moveat tile highest postshockve-
locities and henceare preferentially shaft,wed into the smallestfra.gnlents. Large
grains are lost fron_,the interstellar grain sizedistribution on ti,nescales< 10s yr
in the warm medium. For 50 kms-1 < v,_< 200 kms -1 as muchas5 15% of the

initial grain mass (all grain radii _> 50._) may end up in sub-14A fragments. Thus.

interstellar shocks may be a prodigous source of PAH molecules, PAH clusters, and

small grains.

t" rGl_,el_. that the typical stardust injection timescale is 2.5 x 10 _jyr, we conclude that

efficient mechanisms for grain growth, and in particular, the re-formation of grains

with radii >_ IO00A, must exist in interstellar medium in order that the refl'actory

elements be incorporated in dust and that most of the dust mass is in sizes 2 IO00A,

as observed.

Subject headings: dust, extinction - shock wa.ves supernovae: general



1 Introduction

Interstellar dust is affected by tile processes of grain growth, through accretion and coagulation

in dense clouds, and grain destruction/disruption, through sputtering, vaporization, shattering

and disaggregatiom ill interstellar shocks (Bierman & Harwit 1980; Liffman & Clayton 1989:

Seab& Shull 1983; Jones et aI. 1994). Extinction measurements ahmg diffuse and inoderately

dense lines of sight can be used, in conjunction with known optical parameters, to infer the size

distribution of the dust in interstellar enviromnents. The inferred dust size distribution has l_een

described in terms of power law size distrilmtions (Mathis, Rumpl & Nordsieck 1977, hereafter

MRN), and binned size distributions (Kim, Martin & Hendry 1994), which give good fits to
the mean interstellar extinction curves. This interstellar dust size distribution is a balance

between the formation and destruction processes that operate in circumstellar shells and in

the interstellar medium. The observed extinction in the interstellar medium coupled with the

depletions of the grain forming elements (i. e., C, Mg, Fe, Si, (), etc.) and the strengths of the

10 #m and 20 #m SiO absorption features show that a large fraction of the heavy elements are

locked up in dust (Mathis 1990). However, observations show that strong shocks can destroy

dust (Routly & Spitzer 1952; Cowie 1978; Sembach & Savage 1995). Theoretical estimates of

dust destruction in shocks indicate grain lifetimes of the order of 1-5 x 10* yr (Barlow 1978a, b:

Draine & Salpeter 1979a, b; Dwek & Scalo 1980; Scab & Stroll 1983; M,'Kee st al. 1987; Jones

et al. 1994). In contrast, the injection timescale of dust formed by red giants, supernovae, and

novae is of order __ 2.5 x 109 yr (Tielens 1990; Jones & Tielens 1994). Thus, grains mnst 1,e

shielded froln destruction in shocks or must efficiently grow by accretion front the gas phase in

dense interstellar clouds.

Grain shattering in grain-grain collisions is an important process because, in contrast to

other processes, it leads to a re-distribution of the grain mass through the fragmentation of

large grains into small grains. As first pointed out by Biermann & Harwit (1980) in their study

of the origin of the interstellar dust size spectrum, the MRN size distribution may be a natural

consequence of the importance of shattering. More recently, Borkowski & Dwek (1995) have

studied the fragmentation of dust in grain-grain collisions resulting from a size distribution of

fast-moving dust particles decelerating in a dusty plasma. While their results are not directly

applicable to interstellar shocks, they do show that the final dust size distrilmtion exhilfits an

excess of small particles, compared to the initial size distribution. Liffman & Clayton (1989)

have modeled the interstellar grain size distribution and chemical composition using ad-hoc

assumptions on the effects of shocks. However, to date, no detailed study of the microphysics

of grain shattering and the effects of shattering on the grain size distribution in grain-grain
collisions in interstellar shocks has been undertaken.

In this paper we have reconsidered the destruction and disruption of grains in intersWllar

shocks including the effects of grain shattering in grain-grain collisions using a new shattering

theory that we present in ._2 of this paper. This is a detailed theory that allows us to determine

the shattered mass, and the shattered fragment size distribution, in grain-grain collisions. As in

our previous paper on grain destruction in shocks (.Jones et al. 1994), we restrict our calculations

to steady state shocks in the war::: interchmd comt)onent of the three-phase model of the

interstellar lnedium (McKee & ()striker 1977), where grain destruction predominantly occurs.

It is the destruction of the grains in the warm intercloud medium that determines the lifetimes

of grains in the interstellar medium (see, e. g., McKee 1989; Jones ctaI. 1994).

In interstellar shock waves, grains undergo destructive and disruptive processing dm _ to the



relativegrain-grainandgas-grainniotionsand to the randoni therinal velocitiesof the gas-phase
speciesimpacting on the grains. Differential grain "_relocitiesarisefrom the grain sizeand grain
material density dependenceof the post-shockbetatron accelerationand the gyro niotion of
the chargedgrains around the magnetic field lines. Relativegas-grainvelocitiesarisefrom the
niotion of the grainsthrough the gassweptup by the shock,andfrom the thernial velocitiesof
the gasatoms. The grains in our (:odearesubjectedto three destructiveprocessesduring their
passagethrough a shock,namely,vaporization,non-thernial sputtering and thernial sputtering,
all of which return solid nlaterial to the gas1)hase.Vaporization is the atomization of all, or
part, of a grain following inipact with another grain. Sputtering arisesfronl gas-graininlpacts
and leadsto grain surfaceerosionthrough the removalof surfaceor near-surfacespeci(,swhich
niay be atomic or polyatoniic. The sputtering niay be non-thernlal, due to the liiotitm of
the grains with respect to the gas,or therlnal, due to the thermal velocitiesof the gas-phase
specieswith respect to the grains. We will refer to thesethree processesc()llectiv_@as grain
destruction. Grain-grain collisionscan also lead to shattering: the fragmentation of all. (,r part.

of a grain into smaller but distinct sub-grains. We will call this process disruption. Hence, both

destructive and disruptive processes can "move" a grain through the grain size distril)utioii.

but only the destruction processes can remove solid material fronl the grain size distribution

and convert it to gas.

In this work we are primarily interested in the shock processing of axnorphous carbon/graphite

and silicate grains, but we also consider, as test particles, other possil_le interstellar, circmnstel-

lar, and dense cloud materials (e. g., silicon carbide, dianiond, iron, and ice). As in our t)r_:,vious

work (Jones ctal. 1994) we adopt the term "graphite" here for the aniorphous carl)on/graphite

grains because we use the available graphite shattering, vaporization, and sputtering paranie-

ters to model the solid carbon conlponent of interstellar dust. However, amorphous ca rl)oiz has

similar sputtering and vaporization properties (Tielens st al. 1994), and also sinlilar shattering

properties (this paper).

The paper is organised as follows: §2 presents the grain shattering theory fi)r grain-grain

collisions, §3 details the nunlerical method, §4 describes the dynamics of grain-grain collisions

in shocks, §§5 and 6 give the results of our calculations for MRN size distributions and t(,st par

ticles, §§7 and 8 discuss the grain lifetimes, large grain disruption tinlescales, and the formation

of small grains, and !i9 presents our conclusions.

2 Shattering of Grains

2.1 Crater Formation

Two 1)hases can l)e discerned in the flow produced 1)y the hyperveh,city inipact _,f a 1,r()je(:tih •

on a target, the early-time and late-stage phases (e. g., Tielens ctal. 1994). When a proj(,ctih _

inipacts on a target at a high velocity, shock waves will prot)agate froni the interface l_()th int(,

the target and into the projectile. When the shock wave reaches the back ()f the 1)r(@ctil(',

rarefaction waves will travel into the shocked region relieving the high pressur(_s. At th(. (.ml

of this early-tinie stage, the coupling of the projectile's energy and inonientuni t(, the target is

essentially complete. In the second phase, the excavation stage, the sh(,ck has del,art,'d fr(,ni

the inimediate vicinity of the projectile and the transient crater. There ar_ now twt) s('t,a.rate

flow fields in the target: the detached shock and the excavation flow (Bj(,rk, Krey('nha_('n &



Wagner 1967; Maxwell 1977; Orphal 1977;Trulio 1977). Figure 1 showsa schematicof tilt,
impact of a projectile on a slab.

The hemisphericaldetachedshockimparts a radially outward directed (i.e., into the target)
velocity on the shockedmaterial and the associatedstressesare compressive. Although the
dynamic pressureis high, shearingdistortions are small and the detachedshockhasno direct
influenceon the cratering process.It can, however,influencethe cra tering in an indirect way.

In particular, for the pressures of relevance here (10 _ - 10 _a dynes cm-2), the (weak) shock

wave will split into two separate waves (Zel'dovitch & Raizer 1966). First, an elastic wave will

propagate into the target, shocking it to the Hugoniot elastic limit (typically _ 10 'o dynes

cm-2). This shock wave will be followed 1)y a plastic wave, which brings the material into the'

plastic state. This facilitates shearing motions.

Rarefaction waves propagating into the target from the free surfaces give rise to the exca-

vation flow field. These rarefaction waves will unload the shocked material to zero pressure

along an isentrope and accelerate the shocked material toward the free surface, which changes

the character of the flow field significantly. Solne of the initial internal energy of the shocked

material is thereby converted into kinetic energy of the excavation flow. It is important to

recognize that a solid requires smaller material displacements than a gas during unloading.

Thus, while the transient ('rater cavity is still filled by a vapor at a relatively high pressure, the

solid material (:lose to the cavity surface will have relaxed to fairly low pressures (Trulio 1977).

Consequently, the velocities imparted on

directed towards the crater cavity, but

below the impact site the motion is, of

crater walls the flow field has changed

crater has achieved its maximum depth,

tile shocked material during unloading are not radially

to the adjoining free surface (of. Figure 1). Directly

course, still directed inwards but along the transient

into a shearing flow ahmg the walls. Even after the

excavation of the crater will continue in this shearing

flow. Some of the material transported to the surface by this shearing flow will be ejected in

the form of slnall fragments. The remainder may form a raised lip around the crater. Finally,

for very high velocity impacts or large projectile to-target size ratios, complete destruction of

the target may occur (catastrophic destruction).

In §2.2, we will recapitulate our results (Tielens et al. 1994) for the propagation of the shock

wave in solids and the implications for the cratering flow. Then, in §2.3, we will develop a sim-

ple model for the excavation flow which will relate the (:rater volume and shattered fragment

size distribution to tile material characteristics. Our results will then be compared and nor-

malized to experilnental studies on the craters produced by impacts of micron-sized particles

in §2.4. Catastrophic destruction of the target is discussed in §2.5. Finally, the astrolJhysical

implications for grain grain collisions in interstellar shocks are examined in {}2.6.

2.2 Late Stage Equivalence

Unlike the detached shock, tile location of the cratering flow region is quite stal)le. The upward

accelerated material will flow along the transient crater wall until either its kinetic energy is

dissipated by plastic work or until it is ejected. Assmning an elastic-perfectly plastic material'.

the cratering flow will be purely hydrodynamic until strength effects beconle important; i,'..

until the shear stresses in the cratering flow drop below the shear strength of th(' material. \\5_

(Elastic response below a critical l)ressure (i.e., a linear relation between stress and strain); plastic response
(i. e., stress is independenl of strain) above that pressure.



can then use the concept of "late stage equivalence" (Dienes & Waldl 1970; Kreyenhagen &

Schuster 1977) to relate (:rater sizes to impact parameters such as velocity and mass of tile

projectile. Numerical and analytical hydrodynamical calculations show that the late stage flow

field for two impacts with the same 3lt, v__.are the same (where A,Ip is the projectile mass, _,,. is

the impact velocity and c_ is a constant; Dienes & Walsh 1970; Kreyenhagen & Schust_'r 1977).

Hence, impacts with identical values of this parameter will produce identical craters. \V(' will

base our analysis on the self similar solution for shock wave propagation in solids dewqoped in

Tielens et al. (1994). A summary is presented here; more details ca.ll Le found in Appendix A.

Consider the impact of a projectile with mass, Mr, and velocity, c,,., on a slab. In contrast

to a spherically symmetric blast wave, the impact blast wave propagating into the target is

characterized by a decrease of energy and an increase in momentum resuhing from the hot

vapor expanding into vacuum at the impact point. The mass of the target, M, shocked to a

critical pressure /'1 is then given by (Tielens ctal. 1994)

(_42) 8/'_'
M (1 ÷ 27_) 1 .-.,,

Mr- 2(1 -t- T4) '6/9 ,/9 _-_ ' (1)
O'li

where 3//_ is the Math mmlber of the impact (_= _',-/Co, with Co the target sound velocity), Jtdl

is the Mach number corresponding to the critical pressure P1, 7_ is determined by material

parameters, and cr depends on material parameters as well as the Math number (see Appendix

A). Since cr is nearly constant, the mass scales approximately with p_-S/_._ slightly, less stee l)

than the constant energy solution, V cx P-', due to the energy loss and momentum gain.

As this relation illustrates, once the material and impact parameters have been specitie(l, the

cratering flow (i. e., the crater mass) is flllly determined by one parameter: the critical pressure
below which no fllrther excavation occurs.

2.3 The Excavation Flow

Extensive studies of the cratering flow in numerical calculations of near surface explosions

revealed surprisingly simple excavation flows (Maxwell 1973; Maxwell & Seifert 1976; Maxwell

1977; Orphal 1977). After the shock wave passage, the shocked material relaxes rapidly and

the material density approaches its final, constant vahle. The excavation flow can, thus, l_e

described as an incompressible flow. These studies have also shown that the flow is in steady

state (i.e., flow velocity is independent of time at any spatial point) until strength effects

1)eColne important. In spherical coordinates (see Figure lc), the radial velocity is given to a

good approximation by
A,e

UH - (9)
R:

with AR and z constant. Using the incompressibility approximation, V " U = 0, the tangential

velocity componellt is then given by

sin 0

Uo = Ute(z - 2) 1 + cos O" (3)

The particles move, thus, along strealnlines which are defined 1)y the condition that tlm instan-

taneous velocity is tangent at each point. These streamlines are given 1,y

R = Ro cos 0o/ ' (4)



whereRo and 0o refer to a point on a reference surface. When material strength effects ]_eco:ne

important the flow stops without appreciably changing direction (i. e., z is constant). The flow

is thus characterized by two parameters, tile intensity parameter An and the shape parameter

z. We note that z < 2 corresponds to downward directed flows, z = 2 to radial flows (i. e.,

spherical explosion in an infinite medium), and z > 2 to upward directed flows. For most of the

analyzed nmnerical cases z is equal to about 3 (Maxwell 1977). Crater formation occurs on a

timescale much longer than the loading timescale and, thus, represents a coasting process with

zero total vertical momentum. The only : model flow which fl:lfils this condition is that for

z = 3 (Maxwell & Seifert 1976). Ollr detailed analysis below will yieht : = 3.4 for a l_rojectih •

impacting on a target.

hi the case of a projectile impacting on a target, the cratering flow is more complex than for

::ear surface explosions described above (Austin, Thomsen &" Ruhl 1981; Austin ct al. 1981).

Essentially, in the impact case, the flow field center is nioving down into the target with tinie

during the early (:rater excavation stage due to the contimled transfer of nionientunl froin

projectile to the target. Thus, although the flow is still incompressible and can be described

well by the analytical z model at any tinie, during the early stages of the excavation flow, the

flow is not in steady state and the streamlines are not the Lagrangian path of the particles.

Nevertheless, coniparison between nun:erical hydrodynan:ic calculations and the ana.lvtical z

model shows reasonable agreenient for in:pact cratering (Thomson ct al. 1979; Austin ctaI.

1981). Hence, we will adopt the z model, because of its simplicity and because it contains the

essential characteristics of (:rater formation - that is: incompressible, shearing flow along the

crater walls, hi principle, the center of origin for the excavation flow should be taken at a depth

about equal to the projectile diameter (Thomsen et aI. 1979; Austin et al. 1981). However,

anticipating that grain shattering will be dominated by small projectiles impacting at high

velocities (__100 kins -1) on a target grain, we will assunie that this equivalent depth of-burst

is small compared to the final crater radius and, thus, can be neglected.

2.3.1 The Crater Volume

In our analysis, we will consider an elastic-perfectly plastic nxaterial; i. e., for sn:all stress('s, an

increase in the (shear) strain will cause ali increase in the (tangential) stress. When the stress

exceeds a critical vahie (Pc,.), the solid becoines plastic and an increase in the shear strain is no

longer accompanied by an increase in the stress. Thus, at that point the solid no hmger resists

a.lty flirther increase in shear and will flow along the crater wall. The boundary of the crater is

given by the condition that the pressure in the excavation flow has dropped to P_.,.; from there

on the material response will be elastic. This translates into the following condition o:l the flow

velocity, U(R_),
Pc,.

u(Rc) - (5)
DoCo

where the particle velocity, U, refers to the excavation flow and not the detached shock, and p_.

is the material density. This simple expression gives a very siniilar result to a more detailed cal-

culation (Bjork, Kreyenhagen & Wagner 1967; Maxwell 1973; Maxwell & Seifert 1976) vquating

the kinetic energy of the excavation flow with the plastic work perfornied l_y it, assuming an

elastic-perfectly plastic niaterial. The crater radius is now giw,n l_y

Pc,. ( 1 ÷ cos 0)2 (6 )



The ratio of the diameter (D) to the depth (P) of the crater is then given by

_D= 2[1+ (_- 2)_]'/(2_ (7)
P

which ranges fronl 2.0 t() 2.5 for z=2-4. The vohnne of the ('rater can be found froni

v<= 2_[.1_[,<,.(o),._sino<to,l.,, (<._)
J 0 JO

which yields
277

_,_ = -_-[/7+(77/2)] 3 I(=), (9)

where I(z) is given by I(z) = -8.53 + 13.04z - 6.42z 2 + 1.35z 3 - 0.1024. For any z, the

crater volume will scale as (AR/P_,.) 3/:. The streamline that passes through the crater radius,

R_(O = 77/2), marks the boundary of the ejected volume. That is, material above this streamlim,

will be ejected while nlaterial below it will only be displaced leading to the formation of a lip

(Croft 1980). The ejected volume, I/D, is given by

I/; = 27r ,.2 sin OdOdr = - [R+(77/2)] 3 . (10)
J0 3 (z + 1)

Thus, for 3 < z < 4, between 30 and 60(9; of the crater volunie is ejected from the target.

2.3.2 The Size Distribution of the Ejected Particles

Material ejected at different distances froni the impact point will be ejected at different veh,,'i-

ties. The stresses associated with this velocity field will lead to 1)reak up into sniall grains. Tin"

size, as, of the fragnlents ejected at a given radius froni the crater center can then b_, _wahlatcd

t)y equating these stresses to the shear strength. The ejection velocity at a distance, R, U<(R),

is equal to

u<(R) u_(R)(1+ (_ 2)_)_/_= - (11)

Using equation (2), this corresponds to a velocity gradient

<tU< _ _. _,,_(R) (i2)
dR R

Thus, the differential velocity, AU, across the grain dialn_ter, 2(zS, is then given by

c,;(R)
AU=2za s R (13)

Equating the stress, er = p<,coAU, to the critical stress leads after some rearrangeni_.nt tt_

as = "s+ /7<.(77/2) (14)

where the lnaxilnuln grain radius, aS+ , forlned at the crater radius is given by"

s7.(77/2)
aS+ - 2z (15)



Tile smallest-sizedparticles areformedat tile inner radius, R_, which is equal to tile ln'ojectile

radius for low velocity impacts and to the vaporization radius, R_,, for high velocity impacts.

In the latter case, the minimum grain size is given by

Rv ) :+ 1w- =.s+ (1G)

We note that, for the size scales of interest, the energy associated with 1,ond t_reaking

required to create new surfaces is small compared to the kinetic energy of the ejected particles.

The ratio of the kinetic energy, Ek of an ejected particle to the energy required to create its

surface, E,, is equal to

_ po,,Y} _ R U,, (17)
E, 6") 24ajz2")'poC_

where _t is the surface energy per unit area. Anticipating our discussion in §2.4, P_,./)_ __ 3 × I(P

cm -_, P_/poc 2 __ 1, and R/at >> 1, we conclude that Ek/E_ is ahvays much larger than ,mity.

Hence, any shattering theory which equates the collision energy to the bond breakin_ _,l_er_y

will produce too much surface area in the shattered fragments.

The volume, dV(al), of a streamline ejecting particles with size ,/ at a distance R_ can lw

found by integrating along a streamline

#"dV(ai) = dAdS (18)

where dA is the area of the streanlline, dS the differential along it, and R_ the intersection

with the inner boundary (i. e., vaporization boundary). Using inc()n_pressibility (UdA = {_ d.4,;

where dA¢ and [';_ are the area and velocity at <iection) and dS = [;/URdR and assuming

R_, >> R_, this yiehts

dV(_)- R_ _;_L4_,. (19)
z + 1 [..rt_

The volume of grains with size a/in the interval (ai, a I +da/) (ie., ejected within (R,, R_ +,lR, ))

is equal to

,nr(,,s) = (20)
z+l

De?fining 5 = a//a/+, the number of grains, 7_(5), in a size interval [/i.,/i + d/i], is given t,y

,_(5)d5- 12zZ(z - 2)/i-{'zd/i (21)
(z + 1)2

where a_, = (4z + 1)/(z + 1). The exponent of this grain size distribution is not very sensitive

to z; ie., ct] only varies from 3.0 to 3.4 for z in the range 2-4. This is a very general conclusi_m.

Any comminution process that leads to smaller sizes when the stresses involved increase' will

yield an exponent slightly steeper than 3. Essentially, this reflects the decrease of the average

stress experienced when the volume increases (i. e., energy conservation).

2.3.3 Summary

The flow strength parameter AR in the z- model for the excavati_,n flow is prot)ortional it, E_/:_

where Ei is the kinetic energy in the impact (Maxwell 1977). Following our discussion c,n

1 (I



"late stage equivMence" (§2.2; Tielens et al. 1994), this then implies that z=27/8 (=3.4; cf.

eq. [6]). For the size distribution of shattered fragments, we then find 7_(fi)d3 __ 34_-33d/t.

The nmximum fragment size, a]+, is 0.15R¢. For a high velocity impact, tile minimum size is

approximately given by (4. eq. [16])

(¸22)
a s _ __ a]+ \ Pv /

Anticipating the discussion in §2.4, P_/P, _-- 0.1 and the ratio of the niininiunl to the nlaxiniuin

size is about 0.03. For impacts at high velocity, where a inajor fraction of a large grain (__ 31t(10

,_) is shattered, the maximum and mininmm sizes are 500A and 15_ respectively. However,

for snlall projectiles inipacting near the vaporization threshold, the niiniinunl size is calcula.ted

to be less than that of an a.tom! The theory developed here is based upon contimiunl elastics

and will break down when the strains beconles large (i. e., snlall size scales). At that point,

bond breaking is more important than this theory assunles and Pc-,, should approach P,,. It is

beyond the scope of this paper to develop a theory for the material response at such small size

scales and, in our shock code, we will adopt 5._ for _11_ ,the nlinimunl size in our grain size

distribution.

2.4 Experimental Studies on Micrometeorite Impacts

Our theoretical results show that, apart from known material properties and impact parameters,

the crater volume depends only on tile adopted value fi)r the critical pressure. For 1nacre,scot)it

(ductile) bodies, measured tensile strengths of materials are typically 1 kbar (10 '_ dyne/cm_).

This is much less than the ultimate tensile strength of a material (__ G/6 _- 100 kbar = 10"

dyne cm 2, with G the shear modulus). This reflects the presence of imperfections, particularly

line dislocations, which act as sources of mechanical weakness (Kittel 1976). Essentially, a.

crystal is highly strained near a dislocation and this promotes slip 2. However, measured den-

sities of dislocations are typically 1011 cm -2 corresponding to about one dislocation through

a region with a diameter of 400,£,. Clearly, thus, movement of dislocations plays little role in

crater formation of sub-micron sized bodies and the critical pressure involved should approach

the ultimate tensile strength of a material. As a corrollary to this, macroscopic experiments

on cratering by impacts will not provide a good bench mark for our theories of shattering of

interstellar grains.

Over the years, extensive experimental studies of the impact of micron-sized particles on

slabs of various materials have been perfornled because of tile nlicronleteroid hazards on in-

terplanetary spacecraft, the interpretation of microeraters on lunar rocks, and the er_sion of

atmosphere free planetary bodies (McDonnell, Flavill & Carey 1976; Fechtig et al. 1977; Man-

deville 1972; Vedder 1971; Rudolph 1969). Often these data are presented in terms of the ratic_

of crater vohnne to projectile energy averaged over a large nunlber of impacts with different

velocities. In a few cases, ,:rater vohnnes have been presented for individual impacts. Figure 2

compares calculated ratios of the crater vohmle to the projectile kinetic energy to experimented

data for inlpacts of iron projectiles on various metallic surfaces (Rudolph 1969; Fechtig, Nagel

2Macroscopic brittle bodies, such as glasses, fracture at low pressures (lkbar) due to the presence of minute

(submm-sized) cracks which also act as stress enhancers.
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& Pail 1980). Shock wave data has been taken fi'om Marsh (1980). In all cases, the shear mo,t-

ulus was adopted for the critical pressure a in equation (1). The model results agree reasonably

well with the data.

In Figure 3, we compare our model calculations for the ratio of crater to projectile volume

as a function of impact velocity to experimental data for low velocity impacts of iron projectiles

on lead, aluminimn, and copper surfaces (Rudolph 1969). For lead, good agreement is obtained

for a critical pressure equal to the shear modulus. For aluminium and copper, we lowered the

critical pressure slightly (__ 25%) from the shear inodulus in order to improve the fit. This shifts

the calculated curves upwards without affecting the slope noticably. Our theory reproduces the

measured dependence on impact velocity well. A silnilar comparison for the impact of micron

sized polystyrene spheres on soda lime glass is shown in Figure 4. The latter impacts result in

a small glass-lined pit surrounded by a larger spallation zone. The data plotted in Figure 4

refer to the spallation craters (Mandeville & Vedder 1971). The calculations have been made

adopting a critical pressure of 300 kbars, a typical value for the shear modulus of glass. Again,

the agreement between experiment and theory" is reasonal)le. For 1pro sized, aluminum and

silica spheres impacting at 7 km s -I on soda-lime glass slabs, the ratio of the crater volum(" t.o

projectile kinetic energy is measured to l)e 8 x 10 -12 ('Ill a erg -1 (Vedder 1976). For a critical

pressure of 300 kbars, we calculate a value of 1.2 x 10 -11 cm a erg-1; slightly larger than that

measured. The crater diameter to depth ratio measured for impacts of micron-sized projectiles

on surfaces of the same material is about 2 (Nagel and Fechtig 1980), slightly lower than the

value of 2.35 (for z = 3.4; cf. eq. [7]) predicted by our theoretical model.

Finally, we emphasize the existence of a threshold collision velocity below which colliding

grains merely bounce without crater formation (Tielens 1989). This critical collision velocity

corresponds to an initial shock pressure equal to the critical pressure of the target material. The

existence of such a threshold velocity is well established experimentally (Vedder 1971; Mandev-

ille & Vedder 1971). Measured values for impacts on glass range from 0.5-2 km s-' depending

on the projectile material in good agreement with out calculated values. We conclude that

material loss due to cratering in high velocity ilnpacts of sub-micron particles is well reproduced

by our theoretical model with a critical (shock) pressure equal to the shear strength, G, of th_

target.

Very little information is available on the size distribution of the fl-agments produced 1)y

sub-micron impacts. McDonnell, Flavill & Carey (1976) have experilnentally measured the

size distribution resulting from micron-sized impacts at __ 5 kms-' on a hmar sample. The

exponent of their measured power law (__ 3.5) is in reasonable agreement with _mr th_.t,retical

estimate (3.3). However, SEM studies showed that the largest of their fi'agments, with sizes

comparable to the crater radius, failed to get dislodged.

2.5 Catastrophic Destruction

The previous subsections dealt with shattering due to the cratering flow set up by the expan,ting

shock wave. In this analysis, we essentially a ssmned an impact on a semi-infinite slab. However,

since the cratering process is rather slow, the finite size of a target can influence the outcome of

the shattering process when the shock wave breaks through the back of the target. In that case,

aFollowing our discussion in §2.3.3 this critical pressure refers to the t)ressure in the shock wave (f'l), nol in
the cratering flow (P_). The latter plays no direct role in our model calculations.



the compressiveshockwaveis reflectedasa tensilewaveand failure under tile tensile stress_,s
(spalling) of the backsidewill occurwhen the tensilestressexceedsthe tensile strength _,fthe
material (Rinehart & Pearson1954)4. If tile shock is very strong, multiple spalls can ,(','nr

and the whole grain will be fragmented by this spalling process rather than hy the cratering

floe,'. This process is sometimes called catastrophic destruction in the astronomical literature

(@ Dohnanyi 1978).

Somewhat arbitrarily, we will assume that catastrophic destruction dominates when half the

target grain is shocked to the tensile strength, P_t- For a given projectile-target coml_ination,

this corresponds to a critical spalling collision wdocity, v_t, given by

1_,f z _9/16 1/:2 1/16,1,,..,,= ,:o (1 o-, t, + (23)

where MT is tile target mass, and J£4c, t is the critical Mach llUln})er corresponding to tile tensile

strength (@ Appendix A). Analysis of the size distribution resulting froln this spalling process

is complicated by interference effects generated by nmltiple reflections at corners and edges
which will result in enhanced stress levels at sonic locations. The resulting size distribution is

thus somewhat sensitive to tile shape of tile particle and tile impact geometry (@ Fujiwara &

Tsukamoto 1980). Here, we will make an estilnate of the largest fraglnent size (ie., disregarding

these interference effects) and assume that the size distribution is given by equation (21),

normalized to the total target mass.

The size scale of the largest fragment, a/+ is governed by the stress rate of the reflected

tensile wave, dP/dv; viz.,
P_t

= (24)

Tile stress rate of the tensile wave reflects tile rise tinle of tile shock wave (Zel'dovitch &

Raizer 1966). For our adopted Hugoniot equation, relating the shock and particle wqocities

(@ Appendix A), tile constitutive relation is given by (Bland 1964)

• , 2 2
P = poc_q + 2poCoSq (25)

where _1is the strain given 1,y

?] = 1 Do 'l'l (26)

As a result, tile stress rate is given by

'2 •= poC2J) + 4poCoStlT] (27)

where/! is tile strain rate.

Now, tile rise time of the shock wave will depend on the relationship between shear stress

and strain rate; i. e., tile viscosity. A number of studies exist of effective viscosities for shocks

in solids (@ Bushnlan et. al. 1993; Swegle & Grady 1986). For many materials at low stresses

4Spalling can also occur in the rarefaction wave propagating from the free surfaces adjoining the developing
crater, particularly for brittle materials, such as glasses. Microcraters on such materials do show spallation
zones. Since the crater size and maximum particle size are related to the tensile strength of the material, our
analysis on the crater volume and fragment size distribution still holds, as born out by a comparison between
theory and experiments (@ §2.4).



(< 101' dyne/cm2), strain rates have been shownto scaleas, ,} = Acr4_s with A a material

dependent constant (Swegle & Grady 1986). The viscous stress, or,is , is the difference between

the stress on the Hugoniot and on the release isentrope. For the low pressures in the shock wavos

of these experiments, the viscous stress is only a small fraction of the total shock pressure and

rises rapidly with shock pressure. However, at our high shock pressures, the viscous stress well

exceeds the pressure on the release isentrope and this relation has to level off. The physical

origin of this empirical relation between strain rate and stress is not well understood trot it

implies that the shock rise time is inversely proportional to the energy that is dissipated in

the shock (Grady 1981). For these conditions, energy dissipation in shock waves results from

the creation and development of dislocations. Typically, 10% of the plastic work in a shock is

transformed into the creation of dislocations (Horie 1980) until it reaches the saturation value

of _- 10 s erg/g (Kittel 1976). This saturation energy corresponds to a shock pressure of 3 x 101°

dyne cm -'_, the bottom end of our range of interest. Hence, we will assume that the critical

density of dislocations has been reached. With this assumption, the pressure gradient is given

by
dP P

_?1/2 (28)--_2 -- 0(. 'U1 O( _kin
dr Us

where Eki, is the kinetic energy of the impact. We will further assume that at the spalling

threshold (i. e., P = P_t), the maximum spall size is some fraction, .L_t, of the target size. The "

maximum spalling fragment size as a function of impact parameter is then given by

a]+ = .f_tar ( v_---!t_ ,
\ 't)r J

(29)

where v_t is the impact velocity corresponding to the critical spall pressure and 'l_ is the relative

collision velocity. Hence, the maximum grain size will decrease as the square root of kinetic

energy of the impact. We will adopt fc_t = 7rl/3/2z _- 0.2. For the critical shock pressure,

we will adopt the shear modulus, G, of the material. Experimental studies on micron sized

impacts on brittle materials show a critical pressure for spalling (near the impact site) very

much consistent with this assumption (Mandeville & Vedder 1971). These assumptions ensure

a smooth transition in the grain size distribution from the cratering flow domain to the spalling

do,nain.

2.6 Astrophysical Implications

Table 1 summarizes material parameters relevant for the shattering of interstellar grains. As

discussed in §2.4, the experimental data shows that the critical shock strength for shattering is

equal to the shear modulus of the material. Typically, the critical grain-grain velocity at which

cratering ensues, Vcrit, is 1 10 km/s. Consistent with the relative ease with which graphite

flakes, its critical velocity is at the low end of this range. Likewise, ice shatters readily. However,

silicon carbide and diamond are rather robust materials which withstand shattering better than

most other materials. In Table 1, we also compare the shattered and vaporized vohunes. The

vaporization thresholds have been adopted from Tielens et al. (1994). g_re find that the ratio of

the vaporized mass, M,, to total mass affected by the collision (vaporized plus shattered), M,,s,

is well represented by M,/M_ = 0.76 (G/P,) _°7, with P, the critical vaporization pressure

(Table 1). For graphite and silicates, this ratio is 0.005 and 0.023, respectively. ()bviously,

shattering will be the dominant process affecting the interstellar grain size distribution.



Most of the shatteredvolmnein interstellar shockwavesresults fronl high velocity impacts
of small projectiles on large targets. As anexample,we consider a 100 km s-1 impact _,f a 5t)A

grain on a 1000_ target. The velocity at which catastrophic destructioll of the target occurs,

v_l, is 75 600 kms -1 depending on the material parameters (Table 1). Obviously, graphite

and ice are tile most easily disrupted this way and SiC and diamond are the sturdiest. For a

100/k impact, these catastrophic velocities are reduced to 23-175 kms -1. ()f course, a 1000A

impact only needs the critical shattering velocity fl)r complete disruption of the target.

Figure 5 illustrates the size distribution of shattered fragments that can 1)e expected for the,

impact of graphite projectiles on 1000h graphite grains. At the critical velocity, the largest

fraglnent size is SOlnewhat smaller that the projectile size. As the impact velocity increases,

the largest fragment increases as does the total crater vohlme. At the catastrophic velocity,

tile whole target grain is disrupted and the maximum fragment size is about 1/5 th_ _ target

radius, independent of projectile size. Above the catastrophic velocity, the maximmn size

decreases with increasing velocity but the total volume shattered plus vaporized is constant.

With increasing projectile size, the catastrophic velocity decreases. For the example shown in

Figure 5, v_,t is about 75 kms -1 for ap = 50/_ but decreases to 5 kms -1 for a_, = 250A.

The total vaporized volume can become an important fraction of the total shattered w_lume for

impacts of large projectiles. At the highest velocities considered in Figure 5, a 250A projectile

impacting at 100 km s -1 vaporizes half the target volume. For smaller projectiles, the vaporized

volume is negligible. Tile calculated fragment size distributions for different materials are

compared in Figure 6. Like materials are assumed in these calculatiollS. As expected fr_,m

our discussion above, the total shattered volume is the largest for graphite and ice grains and

smallest for SiC and diamond grains. Of course, the colliding ice grains have the smallest

amount of kinetic energy and this should be kept in mind when interpreting these results. For

all of these collisions, tile collision velocity is below tilt, catastrophic velocity and hence tile

maximum fragment size increases with tile total crater volume.

We conclude that .... in terms of total volume removed from a given grain size shattering

(disruption) dominates over vaporization. ()f course, shattering only redistributes the grain

volume over tile grain sizes so that the lift, times of interstellar grains (i. e., of total grain mass)

are in first order affected only 173, gas-grain sputtering and vaporization and m,t 1,y shattering.

In second order, the redistribution of the total grain volume over the size distrihution can affect

the total grain lifetime, since smaller grains are generally less affected by destructive pr_,cesses

in interstellar shocks (.]ones et al. 1994).

Recently, Borkowski & Dwek (1995) published a study of the effects of shattering on dust in

grain-grain collisions. Their formulism is based upon a convenient parameterization of the ,'rater

lnass and fragment size distribution but there is no link to the theoretical and experimental

studies of shock waves in solids, the excavation flow, or crater formation. They rather arhitrarily

assumed a critical energy for cratering of 0.3 Eb with Eb the binding energy per atom. Insertin_

their value into equation (1), we find that they generally underestimate the crater vc,lume l_y

a factor 5 to 10 coml)ared to our results. For silicates, the critical energy _f 2 _V per atom

adopted by Borkowski & Dwek (1995; g";,./Ef, _ 4 x 10 -_2 cm a erg -_) is a factor of two less

than our cratering model predicts ('_._/Er, = 10-" cm :_ erg -1) '_. In particular, for graphit,'

their critical energy is 1.S eV per carl)on atom which corresponds to I;,./Et, = 7 x 1() -'_ ('m :_

erg -1 . Using tile shear modulus (Table 1), we calculate Vo./Ep = 7 x 10-" cm a erg-', an (,r,t,'r

'_The values given are for relative velocities of 100 kms -1 and do have a slight, dependence on w*locity, of.
equation ( 1).



of magnitude larger which reflects tile easewith which tile two-dimensionalgraphite structure
flakes. They arbitrarily adopteda critical thresholdf_,rcatastrophicdisruption which is a factor
of 3 lessthan for cratering (i. e.,equivalent to 0.1 Eb per atom). This is still a factor of 3 larger

than our value for graphite but comparaMe to our value for silicates. As discussed alcove, our

model agrees well with experimental data.

3 Numerical Shock Model

We employ a theoretical model of shock structure and dynamics coupled with theoretical models

of grain destruction in a numerical code to follow the time-dependent destrm:tion of grains in

shock waves. For a detailed description of the numerical method and basic model we refer the

reader to previous papers (McKee st aI. 1987; Tielens ct el. 1994; Jones ct al. 1994). In this

new work, we have included the effects of grain shattering in grain-grain collisions and use th_ _

shattering scheme presented in §2. This provides the distribution of the fraglnents resulting

from shattering in a grain-grain collision as a fimction of grain-grain velocity and material

parameters.

We assmne an initial Mathis, Rumpl & Nordsieck (1977), MRN, power-law size distrilmtion

of spherical particles, where the grain number density per unit radius dnj_((t)/da is given,
' 5

dng_(a) = AinHCl-_da (a: = 3.5), with Ag,.c_phite = 6.92 x 10 -'26 till 2'" per H nucle,ts and

A_iti_¢ = 7'.76 x 10 -_s cm 2'_ per H nucleus for graphite and silicates, respectively (Draine

and Lee 1984). The grains are distributed across k,,_, logarithmically defined size bins for each

grain material. The minimum and maximum initial grain radii are a_ (50-_) and a+ (2500A),

and the upper size limit for a given /jh bin is a+_ k-l, where _ is the logarithmic size 1Jimling

interval. In these calculations we have increased the nmnber of bins, compared to our earlier

work (Jones et aI. 1994), in order to resolve the redistribution of the shattered fi'agm_,nts into

small grains (radii < 50A) during grain-grain collisions. We tixed the lower size bin limit to

5:_, and then adjusted the width of the smallest size bin to include grains of radii 5--14A. For

a logarithmic size binning interval of _ = 0.79 (factor 2 in mass), for all but the smallest size

bin, k,,_x = 24 covers grain radii from 2500A to 5A. The grains in all bins, except the final

(24°_), are subject to destructive and disruptive processing. \Ve have chosen not to princess

these smallest fragments l_ecause they contain _< 10 a atoms and the destruction and shatt erill_:

schemes that we use are not appropriate for such small particles. The final bin ix therefore

merely a repository for the smallest grain h'aglnents prod,teed.

Based on the shattering scheme presented in §2, we assume a shattered fragment siz_ _ dis-

tribution power law of a] = 3.3 (slightly less steep than an MtlN mass distribution power law

of c_ = 3.5). The maximum fragment dimensions possible can be calculated from equation (29)

by setting v_at = v,.. This yields a]+ = 0.22aT where ,/+ is the maximum fl'agment radius

and aT is the target grain radius, in both the non-catastrophic and catastrophic collision cases.

For the maximmn grain size in the MtlN distribution (2500.:_) this gives maximmn graphite or

silicate fragment radii of 540A. These are the maximum shattered fragment radii possibl(, in

any shattering collisions between any grains in a size distribution with a maximum radius ¢_f
2500A.

Again, in this work we use the fixed, radiative, steady-state sh_,ck profiles (density, t_.lnl,_,r-

ature, electron a l),mdance, ionization structure, and photon flux as a functiol_ of the sh_,ck_.d

cohmm of gas) provided by l:laymond (1992) and have considered the t)ost-sht,ck grain d_'struc-
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tive and disruptive processes as a fllnction of the physical conditions as a parcel of gas and dust

passes through these steady-state profiles. We make no allowance for any grain destruction

feedback into the shock (i. e., increased cooling due to an increased gas phase abundance of th, •

depleted elements), which is generally a reasonable assumption for the levels of grain destruc-

tion that we find (less than 50%). The relevant shock i_a.rameters are given in Table 2, and

we (as in Jones et al. 1994) assume for our "standard" shock that 7z0 = 0.25 cm -:_, ,_ = 0.13

cm -3, v_ = 100 kms -1, and B0 = 3t_G (shock 2 in Table 2, representative of supernova shocks

in the warm diffuse phase of the interstellar medium). In these calculations, we have assumed

cosmic elemental abundances of H, He, O, C, N, Ne, Fe, Si, Mg, and S (Allen 1983). The

fractions of the refractory elements assumed to he in dust are O (0.16), C (0.58), Fe (0.95), Si

(0.90), and Mg (0.95) (Draine and Lee 1984), all other elements are assumed undet)leted.

We have subjected the new shattering portion of our code, and its integration into the

previous code, to a series of tests to check for mass conservation and the accuracy of the

results. The grain shattering (:ode was rigorously tested for mass conservation tlmmgh our

standard shock, by ensuring that all the shattered fragments lie within the defined mass limits.

i.e., all fragment radii > 5_2_. In these tests shattering was considered in isolation from the

destructive processes, by switching off the destruction schemes. The results of thes(' shatt_,ring-

only tests indicate that the total grain inass is conserved to better than one part in ten million

for two-comt)onent (graphite and silicate) size distributions.

4 Grain-grain Collision Dynamics

In our previous work (Jones et al. 1994) we showed that the grain-grain collisional destruction

process of vaporization only dominates over sputtering for shock velocities <_ 50-$0 km s-1 . and

then only for the largest of the grains in the size distribution. For vaporization-only collisions,

tile most destructive collision partners for the large grains (a > 1000_) are collisions with other

large grains. However, these collision events are rare in a shock due to the low a hundance of

large grains. Collisions with tile smallest grains in the size distribution (a _ 50A) have the

highest probablity, and a large grain will experience nlally such collisions per shock. However,

these collisions are less destructive due to the low mass of the smaller 'projectile' grains, and

the fact that only a small fraction of the target grain's mass is shocked to the vaporization

limit. Thus, although a large grain may see many such collisions per shock its mass will _o_ be

• greatly reduced by these c.ollisions.

The inchlsion of shattering into the grain processing has profimnd effects upon the (mtcome

of the grain-grain collisions because the threshold pressures for this process are more than an

order of magnitude smaller than those for vaporization (see Table 1, and Jones c.f. al. 1994).

Thus, shattering in grain-grain collisions leads to a massive disruption of the target grain for

nmch lower projectile energies than for vaporization. In eff(_ct one collision (for exanlple a 50A

projectile on a 1000_2_ target at _ 100 km s-1) is generally s,lfficient to completely di,sr,_pt a

large grain through shattering. We examine the vaporization and shattering collision dynamics

in more detail in the following sections.
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4.1 Destructive Potential; Vaporization versus Shattering

In order to estimate tile most destructive grain-grain collisions for large interstellar grains, we

consider here a simple model in which a large target grain of radius aT travels at a constant

velocity VT through a (:loud of stationary projectile grains. This simple model provides a good

representation of the destructive potential of grains in shocks because small grains (a < 100A)

in a shock are at rest with respect to the gas by the time large grains have reached their

maximum velocities. This simple treatlnent, which does not correctly take into account the

relative velocity for collisions between large grains in shocks, nevertheless gives some useful

insights into the grain-grain collision dynamics.

The cloud of stationary projectiles particle is assumed to have a MRN power law size

distribution, i.e., d?_p(a[,) = AinHaT, aSdap, where +_I' is the projectile radius. The stun of the

large grain destruction rate (vaporization) and the disruption rate (shattering), expressed in

terms of volmne, is given by

1 dlSc _7ra_, Ai £_+7_H dt -- VT _ O-T[,ap a'5 fj dat,, (30)

where, O'Tp is the target-projectile collision cross-section, and fj is the fraction of the target

grain destroyed by vaporization and disrupted by shattering determined using the approl)riate

material parameters given in Table 1, and by Jones et al. (1994). The parameter fj is the sum

of the vaporized and shattered fractions, i. e., fj = (f,,v + f_h) with the limitations that .fj _< 1

and vaporization always takes precedence over shattering (.f_h __ (1 - f,,,p), see Appendix B).

Figure 7 shows the target grain destruction and disruption rates expressed as volume fraction

destroyed per year per unit hydrogen nucleus density as a flmction of the projectile radius

for graphite projectile and target partMes, with aT = 2500.&. Initially, the shattering and

vaporization rate increase slowly (c< a°,;'_) with projectile size, reflecting the increased target

volume affected by the process (fj cv @,) convolved with the decreased projectile almmlance

(np dae cv aT, '25 dln(aF,), in log bins). Eventually, the whole grain is shattered or vaporized t}y

the collision and these rates reach a maximum. For shattering the maxima occur at _ 100A

for VT = 50 km s-' and at _ 80A for v7 = 100 km s -t, and for vaporization the maxima occur

at _ 1000A for vz = 50 km s-' and at v 550A for vr = 100 km s-'. Hence, for vaporization

the most destructive projectiles have radii about an order of magnitude larger (i. e., projectile

mass mp _ 10 a larger) than the 1hOSt disruptive projectiles, i.e., those that cause shattering.

Forlarger projectile radii the vaporization rates decrease because of the decline in abundance

of the projectiles with size. For vaporizing collisions, .[_ _ 1, _zf, :v (_7,2;, o'T,, ,x (af, + +_T)2, and

the destruction rate is _< a}; 1"5 (in log bins) because dVT/dt ,_x el_25(ar, + ,r) 2 and the 2+_};l"'_+lr
--2._

term dominates. For shattering, as the projectile radius increases the disruption rate is ,:x a v

(i. e., it just depends on the projectile abundance because for the shattering maxima ap << +IT,

and CrTp is essentially (:onstant) but then decreases rapidly with ar t)ecau.se a larger fi'a,'tion

of the target is vaporized. Finally, we emphasize that the shattering of large grains by small

projectiles is more than two orders of magnitude more important than vaporization (Figure

7). Thus, we again conclude that shattering will dominate over vaporization in grain-_rain
collisions in shock waves in the interstellar medimn.
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4.2 Shattered Fragment Velocities

Here we perfornl calculations for the post-injection velocities of the fragments produced by

shattering in grain-grain collisions. In order to calculate the velocities of grains of radius ,_. we

adopt the scheme of McKee ct aI. (1987), where the acceleration of these grains is given by

dvk dx" vk FD(collision) + FD(plasma) (31)
dt - dt 2X 4 3 '5 _rakp

where vk is the velocity of the grains, of density p, in the kth size bim X is the compression

behind tile shock, F_o(collision) and FD(plasma) are the collisional and plasnla drag ternls. The

first term on the right hand side of equation (31) is the betatron acceleration term.

The shattering process injects new small grains into the postshock gas with velocities differ-

ent from those of the mlshattered grains of these radii. In particular, small grains are typically

at rest at the postshock position where large grain shattering occurs. The small fragments pro-

duced by shattering will be quickly brought to rest with respect to the gas by collisional a.nd

plasma drag, but some further destruction and disruption may take place during this slowing

down process (Borkowski and Dwek 1995). We have therefore performed test particle calcu-

lations in order to calculate the post-injection destruction for a range of fragment radii as a

function of the shocked cohmm (§4.3). For further details of the test particle calculations s_ •

§6. Tile velocities are calculated numerically using equation (31) in order to fl_llow the fragment

trajectories through the post-shock gas.

It is also possiMe to analytically cah;ulate tile fl'agment post-injection velocities if we ignore

the betatron acceleration of tile fra.gments, which is generally small by the time that most shat-

tering occurs, and secondly, if we ignore plasma drag, which is only important at low velucities

where no sputtering destruction occurs. With these assumptions equation (31) reduces to

d*,k F[)(collision)

4rr(l_pdt :-i
(32)

The collisional drag term FD(collision), taken from McI(ee ct, al. (1987) equation (3.9), is

. 128k'T_ 1/2FD(collision) = rca_vkpj._ '_,_+ 9rct,u / '
(33)

where p_ = I_HT_.H is the mean gas density, and I_H = 1.4mH is tile mean at.omit mass _,f

the gas. For the velocities of interest the second term in parenthesis is ahvays << u_, and the

fragment post-injection deceleration is therefore,

dvk 1.057nHTIH
m

dt akp
2 (34)Uk •

Solving equation (34) for tile fragment velocity as a. flmction of tile shocked ,:ohmm of _as w,,
find

'_'o . (35 )
= 1+ "-/'"" - :%(0)]

• 7_0 " akp

The zero subscripts in the above equation indicate the preshock density (n0), the fragment

injection velocity (v0) and postshock colunm density at injection [NH(0)]. This a,nalytical ex-

pression for the post-injection fragment velocities agrees well with the resuhs for our numerical



calculations. In these numerical and analytical calculations we injected test fragments with

radii ranging 25-500A into our standard 100 kms -1 shock at an initial injection velocity of

100 kms-' at a shocked column of NH = 10 '7''_ Cln -_. This gives a good simulation of the

injection of shattered fragments at the peak velocity of the largest grains, where th_ _ shattc_rin_

disruption is a maximum (see ._5). Figure 8 shows tile post-injection velocities fl_r a range

of graphite fragment radii calculated numerically using equation (31) in our shock c_,te, and

also the velocities for the same fragments calculated using the analytical expression given in

equation (35). The analytical velocity values decay somewhat more slowly than the nmnerical

values because the effects of plasma drag have been ignored in the analytical velocity calcu-

lations. W) find that the analytical expression gives a good fit to the nmnerically calculated

velocities above tile sputtering threshold. Below this threshold only grain- grain collisions can

occur, but as we will show below (._4.3), these can 1}e neglected. As expected, the' fi'agments

are slowed down in a cohmm much less than the total shock cohmm.

4.3 Fragment Destruction and Disruption

In this section, we will estimate the further destruction and disruption of fragments t,ro(luced l_y

a shattering grain-grain collision in a shock. We will do this in an iterative manner. First, the

destruction and disruption of the interstellar grain t)otmlation is (;a.lculated without considering

the slowing destruction and disruption of the slowing grain fra.gments in the shock (First-

order), i.e., after their formation, the fragments are simply placed in tile at)propriat_" lfin, at

the velocity of the particles in that bin, where they undergo the same processing as all c,ther

grains in that bin. Second, we will study the further shock processing of the grain fragments

by treating them as test t)articles and then take into account the destruction and disruption

of all fragments during slowing in the shock (Second-or, ter). In the second-order calculati¢,n

the fragments are affected by thermal and non-thermal sputtering and by collisions with grains

in the shock (the grain size distribution derived from the first-order calculation) during their

slowing to the velocity appropriate for their size. However, we assllllle that 1)rocessin_ _,fth,,

fragments during this slowing does not affect tile processing of other t,articles in th_ _ shock.

We will concentrate here on fragments injected into the shock at tile shocked coluinn density

equivalent to the inaxinlum in the postshock velocity for the largest grains. This is the point

in the shock at which the shattering destruction peaks and therefore gives a good estimate fc,r

the filrther processing of shattered fragments. The velocity profile of the fragnients is given 1)y

the results of §4.2 (shown in Figure 8).

hi Figure 9 we present the cunmlative numl)er of collisions of fragments with all _rains in

the shock for the standard 100 kms -1 shock. In calculating the total numl)er (,f collisions of

the fragments we have assumed that the fragments mldergo no destrm:tion during slowing, i. e.,

we have calculated the total number of collisions for the hagment velocities shown in Figure

8. The results of these test calculations show that fragments with radii <_ 200A mld_rgo less

than one collision with another grain during slowing down. The destruction of the sub-200A

fi'agments is dominated by (non-thermal) sputtering. Larger fragments (radii > 200A) see at

most a few tens of collisi_,ns during slowing. These collisions are predominantly with small

particles (radii _< 15A), occur at relative velocities _< 50 kms-_(see Figures S and 9), and are

cumulatively sufficient to disrupt most of the shattered fragments with ra,lii > 200.4. Hc,wev¢,r,

the larger fragments, with radii 200 500A, make up only a small fraction (_< (I.05) of the, total

shattered mass of all the fragments (radii 5 500A), i.e., _> 95(/c. of the shattered h'a_m¢.nts ar_'



smaller than 200_.

hi Figure 10 we show the initial MRN sizedistrilmtion and, the first-order and second-
order calculationfinal sizedistributions after processingin a 100 kni s-1 shock_for grain radii
from 30A to 400A, outside this sizerangelittle differencein the distributions is discernal_le.
In the first-order cah;ulation we make no allowance for fragment destruction and disruption

during slowing, but in the second-order cah'ulation the fragnlents have been subjected to all

destructive and disruptive processes during slowing, including secondary fragnientation of tti_'

fragments larger than 200A. This Figure shows that the first-order calcula.tion overestinlates

the final grain abundances for grain radii 200-300,4, and that this overabundance is about 25(X

for grain radii _230-280A. The effects of fraginent destruction and disruption during fragnient

slowing are limited to a small range of grain radii, and are predominantly due to the secondary

fragnientation of the largest shattered fragnients. Thus, we can ignore the effects of secondary

fragmentation in our calculations without significantly affecting our results.

Therefore, in determining the processing that the fragnlents undergo during slowing, we

consider only non-thernial sputtering, and neglect the shattering and vaporization effects of

fragment-grain collisions, hi their study, Borkowski and Dwek (1995) conclude that, except

for very large fragnlents (radii > 0.2 ;an) at high velocities (v > 200 kni s -_ ), secondary flag-

mentation can be ignored in their model of dust particles decelerating in a dusty plasma. As

emphasized earlier our largest fragment is _ 500A, considerably less than 0.2 pin (._3).

4.4 Shattered Fragment Destruction Scheme

Given the result ffoni the previous section, we will neglect the effects of grain-grain collisions on

the slowing fragments. We then need consider only non-thermal sputtering during the slowing

of the fragments. For a grain of radius ag,., and density p, moving at velocity Vg,. with respect

to the gas, the sputtered vohune, V_p in a tiniet is given by

where Y;,(C,,') is the sputtering yield integrated over all gas phase atoms, and t_,i, is the niass

of the species (atoni or molecule) sputtered from the grain surface. Coml_ining equations (34)

and (36), and dividing by the grain volume, we obtain an expression for the fraction of the

volume lost due to st)uttering, I,_p/V, during the slowing of a fragnient, i. e.,

)I_;1' - 0.71 t_,p dye,. , (37)
_7 1_gr

where t_,_ is niea.n atoniic mass of the sputtered species in ainu Note that the fraction sputtered

during slowing is independent of the initial partMe size, i. e.. all fragnients lose the sanie fraction

of their vohune to the gas through sputtering. Hence, we only have to perform the integration

in equation (37) once for each grain nlaterial for a series of injection velocities vo. Figure ii

shows I/;p/Y as a function of the fragnient injection velocity for six grain materials. We have

fitted the fragnient sputtering curves with third-order polynomials

1,,--;-= Z b,,,; (3St
i=0

!
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where the fragment injectionvelocity,v0,isin units of kin s-I. TaMe 3 liststhe coeflici(,nt,s b,
-l

and those polyllomials are accurate to 3(_ in the range 30-150 km s

In our (:ode the fragment radii are reduced ])y the alllount sputtered dm'ing the slowing of

the fragment, and the reniaining fragnient of ra, lius _l(._low(d) is then put in the at)tmq)riate

size bin ak _< af(._lowcd) <_ ak+_. The remaining fragment, (,s( slow(:d), is given by

where a/(v0) is the fraglnent radius before sputtering. Thus, we allow for the mass loss from

the fragments by sputtering during slowing without the need to follow each generation of shat-

tered fragnlents throughout their mass-velocity space in the post-shock gas. This consideraMy

simplifies the nmnerical scheme, since a given grain has a fixed velocity at any point in the,

shock, and makes for shorter computation times. Borkowski and Dwek (1995) have adopwd

a more rigorous approach in their studies of grain shattering during slow down, lint from our

analysis above the two methods will yield the same results.

Although we have here only considered the effects of non-thermal sputtering during slowing,

by virtue of the fact that a grain fragment is always present in some bin we also a ccomlt for

the thermal sputtering that occurs to that grain.

To sunimarize our algorithm: we calculate the shattered fragment size spectrum frt)ll), a

parent grain, modify that spectrum to include the effect of non-thermal sputtering as the

fragments slow from the parent grain velocity to the velocity appropriate to the small f:'ap;ment

size, and instantaneously put them in the appropriate mass bin. The fragments then evolve

along with the other particles in that bin (some previously shattered fragments, son:_, original

preshock grains).

5 Results and Discussion

We have calculated graphite and silicate grain destruction and disruption for a range of shocks,

including shocks velocities v_ of 50, 100, 150, and 200 km s-' and a range of pre-shock densities

(no = 0.25, 2.5, and 25 cm-3). The shock parameters are given in Table 2 and the results ()f

.these calculations for grain destruction (dust returned to the gas) ar_ presented in Talde 4.

The inclusion of shattering in grain-grain collisions dramatically affects the evolution of larg( _

grains in shock waves, and leads to the formation of large quantities of small grains. In this

section we describe our results in detail and make some comparisons with our previous work in

which the grain-grain collisions were Val)orizing-only (Jones et al. 1994).

In Figure 12 we show the shock structure (temperature, T4 = T/104 K, density /_,), and

electron abundance, x_.) for a. "standard" 100 km s-' shock with Alfv_n Math nulnl)er, :IIA± =

9.0, corresponding to 7_0 = 0.25 cm -3 and B0 = 31,G. Also shown in this Figur(, are the

graphite grain velocities for three representative grain radii. The two phases of postshock grain

betatron acceleration, associated with the cooling of the gas, are clear in the vel¢,city ,lata,

one just 1)(_hilld the shock front, NH = 1014 - t() 1'_ cm -2, where the gas ix rat,i(tly ionized, and

a second, ,_\'H'r = 101(;.'25 _ 10 _7.5 cm-2, just prior to the recombination ()f the gas at T = 1{)4

K. The grain velocities are t)articularly imi)ortant because the degree ()f grain destru('ti(m and

disruption is primarily determined by the relative gas-grain and gra.in-grain vel_)cities. The flow

,) ,)



time for the shock is given by t = NH/,_oV_ = 103"_(,_o/lcm-3)-_(-VH/lO's cm-2) yr, and a

grain spends _ 105 yr in the warm (T/,. > 100 K) regions of the shock. In Figure 12 column

density can be converted to time using h)g t(yr) = log .\rH - 13.9(I.

standardIn Figures 13a, 13b, and 13c we show the graphite grain evolution, for the ....

shock, plotted in a variety of ways. Figure 13a shows the destruction rate expressed as fl'acti(m

destroyed per ?,ear for vaporization and sputtering destruction process_'s. The disruption (lm _

to shattering does not appear in this plot 1)eta.use it does not lead to grain mass loss to the gas

other than through non-thermal sputtering during the slowing down of the fragments (§4.4),

and the secondary effect on destruction due to the modified size spectrum (all of which are

included in Figure 13a). Figure 13b shows the graphite grain destruction and disruption as

dM/dt x M -1 x tilne, where M is the total initial grain mass per hydrogen nuclei, as a flmction

of the shocked cohmm of the gas. Equal areas under the curves correspond t(, equal fractions

destroyed, or equal fractions disrupted in the case of shattering. Figures 13a and 131) show that

the graphite grain destruction is dominated by non-thermal sputtering, and tha.t al)out $0%

of the grain destruction is due to this process in this shock. It is alsc, clear from these figures

that the peak destruction occurs at NH ,.o 101r.5 cm -2. In Figure 13b we haw_ also ph,tted

the shattering of the largest graphite grains (a = 2100A) in the size distribution. Note that

the shattering dominates and that we have had to divide the shattering results by 21)0 in order

to display them on the figure. The collisional destruction due to vaporization, and disruption

due to shattering, peak a little later than lion-thermal sputtering, i. e., at .\'H _ 1017_ cm -_,

because of the lower velocity thresholds for these processes. Figure 13c shows the mass_s in

four graphite grain bins as a function of the shocked cohmm of gas, and very dramatically

shows the effects of grain shattering. Clearly, large grains (a > 400A) are rapidly disrupt_d in

a single 100 km s-' shock and the grain mass is transferred into smaller grains, the shat.te'red

fragments of the large grains. Also, note the very rapid rise, with increasing shocked column,

in the mass transferred to the smallest grains.

Figures 14a, 14b, and 14c show the grain destruction and disruption a.s a function of the

grain size for three shocks with 7_0 = 0.25 cm -3, B0 = 3ttG, and velocities of 50 kms -1, 100

kms -1, and 200 kms -1, respectively. In these-, plots the shattering data presented shows the

disruption and creation of grains of a given size, separately. Here we note the dramatic effects

of shattering on the largest grains in our initial size distribution. Large grains (a > 1000A) are

ahnost (:ompletely disrupted in all the shocks that we have studied. Note that the shattering loss

term can fall below the vat)orization loss, this occurs for grains that are rapidly decelerat_d l_y

collisions with gas atoms, which are then destroyed by vaporization in collisions with fast moving

large grains. These Figur(_s also show the dominance of sputtering destruction over vaporization

destruction. For v_ _< 15(1 kms -1 non-therlnal sputtering in dominant, but at _;_.= 2(1(I kms -1

the thermal sputtering destruction of the small grains is very clearly illustrated.

Results for 50, 100, t50, and 200 kms -1 shocks with 7_0 = 0.25 Cln-:/a.nd B0 = 3/_G az'_,

shown in Figures 15a, 15b, 16a and 16b. In Figures 15a and 16a we show the percentage

of grain mass destroyed as a function of the shock velocity for each destruction process, i.e..

vaporization, non-thermal sputtering, and thermal sputtering. The effects of grain shattering

are shown in Figures 151) and 16b, where the l_ercenta.ge of the grain mass affect_'d l_v shat.t_ring

is shown as a flmction of the shock velocity. In addition, in Figur_ 151_ and 16t_ w, TM shmr th__

percentage of the total initial grain mass that ends up in grain fragments smaller than tlw

smallest grain in our initial size distribution (< 50A), and the perc_ntage _,f the initial mass

that ends up in the ,mproc_ssed dust bin (< 14_) which inclmtes all fl'a.gments with ra,lii

'39



5 14 ;t.

From Figures 15a and 16a we co,ichide that non-thernlal sputtering is the dolninant grain

destruction process for _'s _< 150 km s-1, which is in keet)ing with our previous results (Jones

et al. 1994). However, we note that, for the 200 knls -I shock, thernial sputtering d(mlinates

graphite grain destruction, and is ahnost as inlportant as non-thermal sputtering in the case

of silicate grains. The doniinance of thernial sputtering is due to the shattering of the large

grains into smaller fragnlents; the associated increase in the total grain surface area leads to

enhanced thermal sputtering in the hot postshock gas in high w_locity shocks (Tielens _:t aI.

1994; Jones et aI. 1994). The effects of vaporization in grain-grain collisions are reduced ]_e-

cause shattering now donlinates the grain-grain collisional processing. In previous calculaticnis.

with no shattering, the large grains, whMi show the greatest degree of collisional destructimi,

experience many collisions each of whMi results in the vaporization of part of the grain l,efore

the grain is l_rought to rest with respect to the gas. However, with the i,ichlsion of shattering,

one grain-grain collision is typically sufficient to conlpletely shatter a large grain into sniall

fragments that stop quickly, and these fragments see few, if any, subsequent collisions with

other grains (see ._4.3). Therefore, the overall level of grain vaporization is significantly reduced

when shattering is taken into accomit.

Figure 17 shows the initial MRN and final grain size distributions, plotted as n((l) versus

radius, for single 50, 100 and 200 kms -1 shocks. This clearly shows the loss of large grains

with radii > 300A, and the fornlation of a significant nunil)er of sniall grains in a single shock.

For the 200 km s -1 shock the large grain destruction and disruption is actually less than in

the 100 knis -I shock because in the faster shock the grains are not betatron accelerated. In

Figure 17 note the change in slope of the size distribution for the 50 and 100 knis -1 sll_)ck

cases, i.e., the final size distribution for the sub-300A grains is steeper than the initial MRN

distribution despite the fact that the adopted shattered fragnient size power law index (-3.3) is

less than that for the initial MRN size distribution index (-3.5). This is because the cumulative

effects of fragmentation in grain-grain collisions in a grain size distribution, with diff,,rential

velocities, lead to a steeper final grain size spectrmn than the contributing fragmentation size

spectrum (Biermann and Harwit 1980). The underlying reason for this is that the most em_rgetic

shattering events generate fragments whose upper size limit is very sniall (see eq. [29] fl_r the

upper limit fragnlent lnasses in the catastrophic collision regime). This effect can 1)e s,_eli in

Figure 5, where the suni of fragment distributions for a range of collision velocities, for fixed

projectile and target grains (e. g., 250A projectiles on 1000A targets), will yieht a final size

spectrum which is steeper than the shattered fragnlent size spectrum for an individual collision

event.

In Figure 18 we show the effects of varying the power law of the sha.ttered fi'a.gnients. _)/,

froni 2.5 to 4.5, equivalent to z = (c_- 1)/(4 - c_) ranging froin 1 to -7. Clearly, changing

the fragment power law index has little effect on the final grain size distributions, ev_n in the'

unphysical and extrenle z cases (z < 3 or z > 4). hi Figure 19 we show the effects of reinoving

the velocity dependence of the maxinmni fragnlent radius in the ca.tastn@lic collision rcginic_,

i.e., we adopt (l/+ = 0.22_zr for catastrophic collisions in this case. Agaim we lind that the

final size distrit)ution is insensitive to this change in the fragnient size distrihution.

hi Figure 20 we show the grain radius at which 50(2_,of the grains survive, _zh,l/, a.s a flniction

of the shock velocity. Half of the grains with a = ah_lf survive the passage of a single sll_)ck

of velocity 'l,s, larger grains are disrupted. N_r grains with radii > _th_,ll less than half _f the

original grains survive the passage of a single shock. Clearly, large grains survive t_etter in



tile lowestvelocity shock (v_ = 50 kms-'). However,for _,_> 100 kms-' ah,l/ _ 500A and

is relatively insensitive to v_. This is consistent with our findings that 1000A grains will see

at least one catastrophic collision in shocks with velocities > 100 kin s-1. hi addition, w_

note that very large interstellar grains (a >> 1 tmi), will not midergo catastrophic c(,llisioiis

in shock waves because of the low abundance of grains with radii large enough to cause their

catastrophic disruption. These very large grains will therefore only be subject to sputtering by

atom or ion impacts and cratering due to snlall projectile impacts in shock waves. They will

therefore survive passage through interstellar shocks with only minimal surface erosion.

The effects of shattering on the grain size distribution are clearly draina.tic; for a wide range

of initial grain size distributions the postshock size spectrmn will likely look similar lwcause of

the disruption of the larger grains, and the prolific production of small fragments, with 1)mv_:_r-

law size distributions, in grain-grain collisions. Therefi)re, the adoptioti of a different initial

grain size spectruni would not greatly affect ore" conclusions regarding shattering. For exaint>h'.

the Kini, Martin & Hendry (1994) size distrilmtion which has a minor fraction of very large

grains (0.5-3 #m) will yieM very similar results. As enlphasized above, the largest grains in

this size distribution have only a low probability of experiencing a catastrophic collision, and

hence, survive better than snlaller (_ 3000A) grains. However, the largest fragments (_ 6000A)

produced, if catastrophic collisions occur, will see so niany further grain-grain collisions during

slowing down (see Figure 9) that they would quickly be ground down to sizes less than 3o0A

(cf. §4.3).

hi Figure 21 we show the effects of preshock gas density on grain destruction, for fixed i,_

and B0. The percentage of the total grain nlass destroyed is increased by factors of _< 2 for t.w_,

orders of magnitude increase in the preshock density. The increased destruction arises froni

the increase in the betatron acceleration with increasing preshock density. This Figure again

shows the pre-donlinance of non-thermal sputtering in the destruction of grains in 100 kin s-'

shocks. Non-thermal sputtering accounts for _ 90% and _ 80% of the grain destr,wtion for

graphite and silicate, respectively, hi Figure 21 we also show the total grain mass affected l_y

shattering, whMl is very close to 80% for these shocks, i.e.. all grains larger than 3(/05 are

disrupted by the shock.

Compared to our previous study (.Jones ctal. 1994), that did not inchlde the effects of grain

shattering, we find that the degree of grain destruction is reduced in all except the fastest shock

considered (v, = 200 knis-'; Figures 15a and 16a). The destruction, coinpa.red to the .hines

et al. (1994) results, is reduced by a factor of _ 1.4-1.6 for graphite and by a factor of _ 1.2

for silicate, for v_ _< 150 knis-' For '_,_= 200 knis-', the grain destruction is increased t_v..a

factor of 1.6 for graphite and by a factor of 1.1 for silicate, conlpared to our previous r,_sults.

For I_, _< 150 knl s -1 the shattering to small particles preserves the grains since the large grains

now suffer fewer vat)orizing collisions (see above). For Vs = 200 kin s-1 ._the shattering_ to sniall

grains is followed by efficient (total) thernlal sputtering of the tiny grains in the hot postshock

gas.

In terms of the overall grain mass destruction (grain niass returned to the gas). shatt_ring

causes only nlodest changes in the results. The increase in thernial sputtering provides the

nlost init)ortant difference with our earlier results. However, the nlost draniatic effect that we

see when shattering is inchided in the grain shock processing scheme is tlw ahnost colnplete

disruption of the largest grains in the size distribution and the production of large qnantiti_'s

of very small grains.



6 1000 Test Particles

As in our previous study (Jones et al. 1994) we have undertaken a test particle study in which

we follow individual particles through the shock profiles defined by the paralneters in Table 2.

The test particles are followed as they interact with size distributions of graphite and silicate

'field particles', i. e., the initial MRN distributions and the subsequent distrilmtions that arise

froin the original grains as a result ¢_f shattering. Tlmse test particles a.r_ s,d)ject to t.h_,rnial

sputtering, non-thernlal sputtering, vaporization and shattering, trot they do not affect tli_'

destruction of the field partMes, and they do not collide with, or interact with, _-'ach _tll_-'r.

We consider spherical test particles of initial radius 1000k, and a range of particle materials,

including graphite, silicate, silicon carbide, iron, dianiond, and water ice.

hi this paper we do not include any porous test particle calculations because it is ill,t, clear

how the shattering of porous particles should be treated. Clearly, the shattering of poi'ous p;rains

is more complex because the disruption process for a porous grain, consisting of "coagulated"

sub-grains, will include the shattering of the sub-grains as well as their disaggregation, i. e.. the

breaking of sub-grain-sub-grain contacts. Doniinik & Tielens (1995) have studied the niechanics

of porous particles and the physics of coagulation, but to (:late no nlodel for the behaviour of

porous particles in grain-grain collisions in shock waves is available.

In Figures 223 we show the percentage destruction (by niass) of the test particles, for

shock velocities from 50 klns -I to 200 knis -1. In these test particle calculations we follow

the remnant grain after shattering collisions, but do not follow the ew)lution of the fragnients

arising from shattering events on that particle i. e., all niass lost froln the test particle, whether

through sputtering, vaporization or shattering, is considered to be erosion of the original 1000A

test particle. Compared to our previous results, that do not inchide the effects of shattering, we

find that the total mass loss froin the 1000_ test particles, due to destruction and disruption,

is enhanced by factors of about 2 to 5, due prinlarily to shattering in grain-grain collisions. In

a 100 kms -1 shock, ice partMes are ahnost completely dvstroyed by sputtering regardless of

whether or not shattering is inchided. Figure _2t7 shows the percentage disruption by shattering,

and it is clear tha.t, with the exception of ice, shattering is a nlajor_ and in niost casvs the

donlinant, 1000A grain loss process, i. e., the grains are shattered into snialler fragnients which

evolve differently fi'oni the parent grains. For ice, shattering is unimportant and sputtering

doniinates because of the low thresholds for this material (Tielens et al. 1994); see TaMe 1 for a

comparison of the sputtering t)a.rameters of ice with the other more refractory niat_,i'ials. Thus,

ice particles are easily destroyed in low velocity shocks. We also note significant destruction of

the graphite, silicate and iron partMes at shock velocities _> 100 knls-'. The large degree of

iron particle destruction and disruption, despite it 1)eing nlore resistant to shatterin<, is duc

to its high specific niass density and the resultant betatron acceleration to large t_(_st.-sliocl¢

velocities (150_:-35_:, higher than for silicate grains). We also note the resistance _Jf diaiii_md

and silicon carbide grains to shattering however, they still do undergo signiticant sputtering

in these calculations (for dianiond we use the same sputtering I)aralneters as for graphite; @

Tielens et al. 1994).
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7 Grain Lifetimes

Following McKee (1989) we have calculated tile timescale fi)r supernova shock waves to destroy

interstellar dust (i. e., to return tile grain mass to tile gas) in all phases of tile int(,rstellar

niediuin, tsNl_, and the equilibriunl fraction of the elements locked u 1) ill refractory Krains isl

the interstellar medium, 5_q. For the sake of clarity we reproduce the required fl)rninlae here:

i,e._

9.7 x 10_
tSNR = .W', (40)

8,11d

[ ]-' (41)

where, v,7 is the shock velocity (in units of 100 kms-_); e(v_7) is the efficiency of grain de-

struction for a shock of velocity v_7; 5,, is the dust fraction in the material injected into the

interstellar medium from stellar sources (we assume a value of 0.9 fi)r graphite and silicate,, a

rather generous estimate); and ti,, is the timescale fi)r the injection of refractory elements into

the interstellar medium by mass loss from evolved stars and matter synthesized in sut,erm,vae

(we assmne a value of ti,, = 2.5 x 109 yr from Jones and Tielens 1994).

From the calculated grain destruction data (§5 and Table 4) we have derived analytical

expressions for e(v,7) for the graphite and silicate MRN grain populations and present the fit

parameters in Table 5A. These analytical fits are a good approximation to the data in Tald(,

4 for 50 kms-l_< O's _< 200 kms -|. In these calculations we use linear extrapolations of

these data to zero grain destruction (equivalent to shocks of velocity 41 km s-I and 45 km s-'

respectively, for graphite and silicate grains), and to 300 km s-|shocks. \Ve find grain lif(_tisn('s

fl)r the MRN distributions of t._ws = 6.3 x l0 s yr and 3.7 x 10 s yr for graphite and silicat_

grains, respectively, N.B., these are the timescales to return the entire grain mass to the gas as

atoms. For the equilibrium fl'actions of the elements locked into dust in the interstellar m(_(lium

we find 5_q = 0.18 and 0.12, for grat)hite and silicate, respectively. The, inclusion of shatt(,ring

in the shock (:ode increases the deriw_d grain lifetimes by factors of _ 1.1 for both graphite

and silicate, and the 5_.q values increase by simila.r amounts s The comparisons here are with

our previous results (increased by a factor of 1.5) that do not include shattering (Jones t:t al.

1994). However, the increased lifetimes still fall short of the dust lifetimes of t.s'xR _> 2 × 101° yr

(Jones et al. 1994) required to preserve _> 90% of the stellar ejected silicates in the interstellar

medium (Draine & Lee 1984; Mathis 1990). Therefore, we still camlot solve the well-knmvn

conundrum (@ Barlow 1978a, 1) Draine & Salpeter 1979a, b; Dwek & Scah, 1980; Seal) &

Shull 1983; McI(ee ctal. 1987; Jones et al. 1994): Why is silicate dust so abundant (possitdy

containing 90% of elemental silicon) in the interstellar n:edium'} Moreover, this marginally

increased lifetime is gained at the expense of the comtflete disruption of the largest grains

in the size distribution; the large grains being shattered into more resilient smaller particles.

Shattering therefl)re adds a new conundrum: Why do visual extinction measurements show

that most of the mass in interstellar dust is in large grains (radii _> 0.1 tml)?

Given that the inclusion of grain shattering in grain-grain collisions into the grain proc(,ssin._

scheme leads to the ahnost comt)lete elimination of large grains (a > 1000A) fl'om tlw grain

6\_e have re-evaluated our previous results, using the same type of analytical fil to the data that w,. adopt

in this paper, and find thal our previous results for t.s',.v,_ and 5_,,_ should be increased by a factor of 1.5.



populations in a single fast (100 knls-') shock, we calculate the disruption and destruction

tiinescales (disruption dominates), tdd, for these large iuterstellar grains in interstellar shock

waves, N.B., this is the tiniescale to disrupt all large grains in the interstellar medium and

to shatter them into sub-500_ fragments in grain-grain collisions in shock waves. "_Ve use

tile same inethod as for calculating the MRN grain population lifetimes, equating tdd with

tSNR from equation (43), and present the analytical fit data in Table 5B. The grain disruption

paranieters here have been calculated by conlparing the preshock and lmstshock masses in the

first four mass bins in our nunierical scheme, equiva.lent to grains of radii _> 1000A. In the

initial MRN size distributions over 40% of the grain mass is in grains with radii 1000-2500A.

Also, we assunie that there is no grain disruption in shocks with velocities less than 40 knl s-1 ,

in order to provide a direct comparison with the MRN grain lifetinle calculations above. If. as

seenis likely given the low velocity thresholds (_ 1 kni s -1), shattering is inlportant ill shocks

with v, _< 40 kms-' then our disruption tinlescales will be upper liniits. The derived large-

grain disruption tinlescales are tdd _< 5.1 X 107 yr and < 6.5 x 107 yr for graphite and silicate,

respectively, and are factors 12 (graphite) and 6 (silicate) times smaller than the destrm'tion

lifetimes, t._xR, calculated above. The equivalent eqnilibrimn fractions of the elenients l_,'ked

into grains larger than 1000.k are _< 0.02 for both graphite and silicate. \.Ve conclude fr_lll

this that large graphite and large silicate grains have short disruption tiniescales in the diffuse

interstellar mediuni. This inxplies that any large interstellar grains must be fornied in the

interstellar niediuni; i. e., by accretion�condensation to form large homogeneous grains and/or

through coagulation to forni large porous/fractal grains. The niononiers and/or cores likely

have radii less than about 500A.

Our test particle calculations confirm the large-grain disruption tinlescales, for exanlple, for

1000A graphite, silicate, and iron grains we find taa _ 6 - 8 x 107 yr. However, for the tougher

silicon carbide and dianiond grains of radius 1000.3t we find tdd _ 2 x l0 s yr, or al)(mt a factor

of three longer than for graphite, silicate, and iron.

For our ice test particle lifetinle calculations, i. e., lifetime against sputtering destrm:tion in

the interstellar medium, we aSSulne no destruction in shocks with velocities less than 1 kni s-I

and find that ice can survive in the diffuse interstellar medium for ,-_ 10_ yr. This is of the

sanie order as the time interval between shocks of a few tens of kilonieters per second. Thus.

we confirm that ice grains are easily destroyed in low velocity shocks.

8 PAH and Small Grain Formation in Shocks

Fronl the results that we present in §5 it is clear that grain shattering plays an inlt)ortant role

in the redistribution of grain mass, i.e., small grains are readily fornled froni large grains in

shocks in the interstellar nlediuni. Figures 13c, 15b, 16b and 17 clearly show this mass transfer.

Indeed, as nmcli as 40(_ , of the starting graphite grain mass nlay end up in sub-50A fragments,

and 5-15_: of the starting graphite grain niass can end up in sub-14.& fragnlents in a single

fast shock. These latter fragments (< 14_) are of the same dimensions as the interstellar PAH

(Polycyclic Aroniatic Hydrocarbon) nlolecules, or PAH clusters, that are inferred to be t)r(,s(_iit

in niany interstellar and circmnstellar environnlents (@ Tielens 1990).

Fronl our shock calculations we find that --_ 5(/c, of the initial graphite grain mass, or --_ 3(/(:.

of the cosmic carbon, ends u t) in 5 14_ radius fragments for single shocks with _, - 50 kni S -1

The nlaxinmnl graphite grain niass converted into slnall grains at)t)(-_ars to t)e ab()nt a factor of

,_ ©



three higher than tile above vahles and occurs in the 100 kms -1 shock. Thus, one 100 km s-'

shock, or several 50 kms -1 shocks, would be sufficient to put enough of the graphite grain

mass into small graphite grains in order to explain the required fraction of interstellar cart)on

in PAHs and PAH clusters (--, few percent; Tielens 1990).

One prediction of this model is that, besides the PAH population, there should 1_ a sim-

ilar population of small silicates in the interstellar medium. However, there is a structural

difference between small silicate and graphite grains which likely affects the shattering out-

come. Graphite grains have a layered structure with a binding energy between the layers of

_' 7" X 10-4!\r(: eV, with N(: the number of carbon atoms in a layer compared to C -C bond

energies of 5.7 eV. Hence, shattered graphitic fragments with sizes less than 30A (< 103 carbon

atoms) will have binding energies between their individual layers of less than 1 eV. Likely, such

fragments will actually shatter into sheet-like structures with typically a few hundred cart)on

atoms. Alternatively, such a loosely bound small conglomerate may actually fall apart upon

far-ultraviolet photon absorption (Tielens 1993). In contrast, interstellar silicates are thcmght

to have three-dimensional structures. Thus, while silicate grains may l)e shattered into small

spherical fragments with sizes in the range 10 30,2_, or so, the graphitie grains are expected to

be ground down into two-dimensional PAH molecules or PAH clusters.

Observationally, the presence, or absence, of small silicate grains in the diffuse interstella.r

medimn is not well established, although D6sert et al. 1986 have put an upper limit of l(X_on the

fraction of the silicate mass that can be in very small grains (the launch of the Infrared Space

Observatory will likely lead to observations that reveal the nature of the small interstellar

grains in detail). However, interstellar dust exposed to strong far-ultraviolet radiation (i. e.:

near HII regions or in reflection nebulae) shows a mid- infrared emission spectrum chmlinated

by molecular-sized PAHs (_ 50 carbon atoms) and PAH clusters (,-_ 500 carbon atoms). Th, •

tell-tale signature of small silicates - the 10tlnl emission feature ix notal)ly absent. Whether

this reflects on the smallest silicate fragments produced by shattering or the Ulfimportance of

shattering, in general, in these environments, relnains to be seen.

9 Conclusions

W_ have undertaken an extensive study of the effects of shattering in grain-grain collisions.

Based upon extensive numerical simulation of surface explosions and iml)acts, we have (level-

oped an analytical model which calculates the final crater mass, and fragment size distritmtion,

in grain-grain collisions as a function of the collision velocity, grain sizes, and grain material

properties. The model contains one free paralneter, the critical shock pressure for shatt(_rin_.

and we find good agreement with laboratory experilnents, on (sub)micron-sized impacts ()n _

wide variety of lnaterials, assuming that the critical pressure for shattering is equal to the shear

strength of the materiah The threshold grain-grain collision velocities are of order 1 km s-1 for

shattering. The shattering threshoht pressure is al)out an order of magnitu,t(-, smaller than that

for vaporization, and we conclude that the effects of shattering will dominate over vaporizati_m

in grain-grain collisions. The shattered fragment size distribution scales with the a-aa; slip4htly

less steep than the MRN size distribution. In general, any shattering model where the fragment

size distribution is related to the shock pressure will lead to power law size distrilmtitms of th( _

fragments with indices slightly steeper than _ 3. We find that the maximum fragment size

increases with increasing collision veh)city, until the target grain is conlpletely disrupted 1)y



the collision, and for higher velocity collisionswe predict that the nlaxinmni grain size then
decreaseswith velocity.

Grainsare destroyed(returned to the gas)in interstellar shockwavesnlainly through sput-
tering. In high velocity shocks(v_> 150 km s-') graphite grainsarepredonlinantly destroyed
by thernlal sputtering, while silicate grains are ahnost equally destroyedby non-thernial and
thermal sputtering, hi lower velocity shocks(v, _<150 knis-1), grain destruction is princi-
pally through non-thernlal sputtering driven by the 1,etatronaccelerationof the grains. The
vaporization of grains in grain-grain collisionsis found to be an unimportant gra.indestruction
process. Our treatment of the processingof grains in shocksnow includes the shattering of
grains in grain-grain collisions,and the inchlsion of this process leads to the disruption of la.rge

grains (radii > 1000A) into smaller fragments (radii < 500A, for an initial MRN distril,uti(m),

and has draniatic effects uI)on the evohltion of the size distribution of the grains through the

shock.

Large grains (a > 1000.i,) are readily disrupted in interstellar shock waves by shattering in

grain-grain collisions. The disruption of these large grains is almost coinplete for single shocks

with velocities _,_ _> i00 kln s-l; ilnplying that the disruption timescales for large grains in the

interstellar medium, tdd, are of order 50-60 niillion years. However, the inclusion of shattering

into the grain destr'uctioT_ schenle actually leads, overall, to lower levels of grain destruction and

longer grain lifetimes, t,vxR of 6 x l0 s yr and 4 x 10 s yr for MRN size distributions of graphite

and silicate grains, respectively, conipared to calculations that negh-,ct grain shattering (Jones

et al. 1994).

The increase in the lifetime of grains with MRN size distributions, when shattering is in-

cluded in the grain-grain collision processing, is due to the second-order effects of shattering.

With vaporizing-only collisions, which predoininantly affect the largest grains (radii >_ 1000A)

which attain the highest postshock velocities, a grain ill a shock wave experiences nia.ny colli-

sions with snlall particles before it is brought to rest with respect to the gas. These collisions

erode the large grains and transfer grain niass to the gas. With the inclusion of shattering, one

collision of a small grain with a larger grain is sufficient to fragment a significant fraction of that

larger grain, because of the lower thresholds for shattering than for vaporization. ()he gi'aii>

grain collision will therefore fl'agnient a large grain into snlaller fragnients whMl are rapidly

slowed by collisions with gas atonls. At. rest the only collisions that the fl'agments experience

are with the small almndance of remaining large grains that are still in motion with respect to

the.gas. Therefore, shattering reduces the effects of vaporization destruction by redistrilmting

the grain mass into snialler, more resilient fragments.

Grain shattering in grain-grain collisions leads to niajor changes in the grain size distri-

bution; in particular, large grains are ground down into snialler grains and the resulting size

distribution is sonlewhat steeper, and shifted to smaller grains, than an initial M1RN distribu-

tion. This result is relatively insensitive to the fragnlent size distribution (in our model, tll(,

fragment size distrilmtion is shallower than the MRN). It a.ppears likely that shock fl'aglll_ql-

ration of graphite grains can l)e a. nlajor som'ce of PAH molecules, PAH chlsters, and sniall

carl_on grains in the interstellar medium. There shouht also l_e a population of small silicate

grains. However, in view of the difference in solid structure we do not expect a silicate analog

to the (molecular) PAH population.

hi this study we are therefore not able to answer the question: Why is dust, and inparticular

silicate (lust, so abundant in the interstellar niediunf} All work on this subject shows that dust



is readily destroyedin interstellar shockwaves. Thus, we conclude that grain growth must

occur in some phase of the interstellar medium, in order to explain the observed depletions of

the refractory elements into interstellar dust. Our previous paper (Jones ('.t al. 1994) proposed

some possible scenarios that are consistent with the observational constraints and with the dust

destruction model presented in that paper.

However, we now add to the problem because the work presented in this paper shows

that large grains are rapidly disrupted in shock waves. Thus, the re-formation of large grains

in the interstellar medium must be efficient in order to account fl)r the large fl'action (by

mass) of grains with radii _> 1000A. These large interstellar grains are most likely refl_rmed

by coagulation and accretion in dense clouds. Accretion alone, cannot reform the very largest

grains because only relatively thin mantles can accrete, thus coagulation is the most likely large

grain reformation niechanisni. However, coagulation is only inlportant in dense regions with

7_tf >> 103 cnl-a(Chokshi, Tielens K: Hollenbach 1993). Coagulation iniplies that the large

interstellar grains may be rather porous, hi particular, we conclude that interstellar grains

with radii 500_ to _ 1/ml should be porous, while very large grains with radii larger than a

few microns niay reniain homogeneous because they do not undergo catastrophic collisions in

interstellar shock waves. Our previous work on porous grains (Jones ct aI. 1994) indicates that

porous grains nlay survive better than solid honiogeneous t)articles in shock waves because they

are not betatron accelerated. However, a full analysis of this problem will await a rigc_rous model

for the properties of three-dimensional porous grains in collision with smaller solid particles and

with other porous grains.
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Appendix A

Shock wave propagation in solids

Consider a normM incident impact of a projectile with mass, Mr and velocity ur on a ,_lal).

Tile shock velocity, u_, and velocity of tile shocked material, _l, (in tile fl'ame of tlw unsh()cke,t

material) for solids is often well represented by

_,, = Co+ .'_'1, (1.)

where Co is and ._ ar(, nlaterial constants (Tal)h' 2). The Math number, ,M,, correspol:(lin_ t.()

a critical pressure, P1, is then given by

2o,
,_4_= (2)

1 + (1 +4._C)l) 1/2'

where Pl
¢1 -

poc_"

The target mass, 3I, shocked to the critical pressure is then given by

(3)

_M _ (1 -1-2T4) 1 ( .'_ )s/9y_,, (i+ _),,v -_,'/_)\,-,-,M_oli

(4)

where T4 is given 1)y

/1/2'g[)O

7"_ =_
\ sppp i

and _r is a weak function of the shock parameters; viz.,

(5)

0.30(s + j,_,_--I -- 0.11)1.:}

s+:_'/-1 _ 1
(6)

evaluated at ,_//, for o', and ,_4,./(1 + 7_) fl)r ohi.

O,b



Appendix B

The computational scheme for grain shattering

Following Jones st al. {1994) we have cast our equations in ternls of mass bins in order to ensure

mass conservation, and we refer the reader to our earlier work for tile details of this procee,ture.

Numerically, shattering is treated ill the sanle manner as vaporisation ill the method of

Jones et al. 1994, with a modification for the placenlent of the shattered fragments into the

appropriate inass bins. This is in contrast to our previous work where a single reinnant partich,

is produced by vaporisation of two grains in a given grain-grain collision. The modification to

the (:ode involves the inclusion of a further pair of terms for shattering, one a loss term and the

other a gain term, analogous to those for vaporization (for comparison see the first and third

terms in equation A6 in Appendix A of .Jones et al. 1994). For the shattering of a single grain

component we therefore have for the rate of change of the mass in "the /.eh lfin (._/_,);

dMl,. (shattering) *"......
= -_hk Pk ak _ (_ik Pi 5i

dt i=1

k'ma x

+ __, __, oUpiaiPjaam,h(1,.), (1)
i=1 j=l

0"(777_i, 777_k) I,(77,i, 777_k )
a'a.= , (2)

77_i777_k ,.

where pk = ?_zkn(m.k) is tile k'th bin particle niass density per unit mass interval, 7_i. is.tlw iil,'an

bin mass, and 5k is the bin width, k,,,_, is the nuniber of mass bins in the coniputation, cr(_/_,, _/_,.)

is the grain-grain collision (:ross section, and v(m_, ink) is the relative collision velocity, re,h(/,')

is tile total niass of the shattered fragnlents of the i th particle in the collision of i °' and jth

particles that lies within the niass bounds of the /,.th bin.

In a given collision a fraction of the target grain mass, f_'_v, is vaporized and some fraction,

f,h, of tile remaining grain fragnlent is shattered. Tile fractions f_,_p and f,/, are calculated

independently, but shattering is assumed to be subordinate to vaporisation. Tlierefore, .f_h is

taken to be the minimunl of Lh or (1 -f_,,), i. e., f,h) is ahvays _< 1, and s(, the remaining

mass (renmant) of tile target after collision with another grain is (1 -.£,_v -f,h) "_-,,'o,,, and

the total nlass (,fthe shattered fragments, t_,h = .f,h '?lZta,'gct, is assumed to hay,, a 1)(,w_'r law

lnass distribution with index ")_,i.e.,

(3)

"_s- <-m] <_ mS+ , (4)

where, _I- and m]+ are the mininmm and ma.xinmm shattered fragment masses, resln','tivdy.

Thus,

fsl, 77_ta'rget _
_,,ns d_S ml d'm'I = Fi _f dn_ S. (5)

_ ,] 7n f _

,)¢)



The parameter Fi isdetermined by the totalshattered mass, but isnever determined l)ecau:_,

the shattered lllassilla _ivell bin iscalculateda.sa.fractionof the totalshattered lllass,i.e.,

m_h = Fi mf dm I- - mI+ - 7_[2i-ff , (6)

and the shattered niassin the k'thbin,

= F +

where, _Ikis the niass ])hinhiginterval. Hence, for case where allthe mass ])hisare of the

interval, the fraction of the total shattered inass in the IJ h bin is

The nlininmnl and niaxinmni shattered fragnlent niasses, _t]_ and re.i+, used in ttw calcu-

lationsare described hi §2 (where the equivalent nlhlhnunl and niaxiinunifi'agnient sizes,a_

and a+, are derived),and are based upon fitsto laboratorydata for the inipactof sul_-nlici'on

 ph ricalproje,:til  upon planar targets. Othewise the munerical method adopted isexactly

the sanle as that of Jolles ctal. 1994, and we refer the reader to that work for a full description

of the scheme we use in the calculations presented here.

In our calculations the actual shattered mass that is returned to the nlass bins may l_e less

than the total shattered mass, because we have taken into account the sputtering destruction _Jf

fragments during their slowing down with respect to the gas (see !i4.4). This mass loss through

sputtering depends solely upon the initial injection velocity of the fragments (with respect to

the gas), and so is easily incorporated into the code because it is independent of the fragment

mass. Thus, the actual shattered mass returned to the mass bins is (1 - ¢)m_h, where 0 is the

fraction of the total fragment nlass lost through sputtering during slowing.

q'i



Hngoniot a

TABLE 1

Shattering upon Grain-Grain Collision

Shattering Threshoht b
M,, g

Material s M,o..Po Co P:: U '.;,..
(xlO '_) (xlO '2)

(gem -3) (kms -_) (dynecm -2) (dynecm -2) (kms -_)

Silicate 3.3 5 1.2 5.4 0.3 2.7 175 0.023

Graphite/Amorphous Carbon
2.2 1.8 1.9 5.8 0.04 1.2 75 0.005

SiC 3.1 7.7 1.1 8.6 1.7 8.8 565 0.12

Ice 1.0 2.0 1.4 0.09 0.03 1.8 115 0.25

Iron 7.9 4.1 1.5 5.2 0.055 2.2 14(11 0.05

Diamond 3.2 7.8 1.4 5.8 5 16.1 1015 0.84

aHugoniot data taken from Marsh (1980).

bShattering thresholds calculated for the impacts of like materials (i. e., T4 = 1)

_Critical pressure for vaporization taken from Tielens et al. (1994).

dCritical shock pressure, Pc,., for shattering has been set equal to the shear modulus of the material

_Critical velocity for the onset of crater formation.

/Catastrophic velocity to completely shatter the target grain cah'ulated for the impact of a

50,_ projectile on a 1000_ target.

gRatio of the vaporized mass to the total mass affected (vaporized plus shattered) for die impact

of a 50._. projectile on a 1000_ target at 50 kms -1

hCrater mass calculated for the impact of a 50_ projectile on a 1000 A target at 5(1 km s-1 .

iThe vaporized mass, S0 and 9 Mp for ice and diamond respectively, has l_een suhtracted.

For other materials, the vaporized mass ix negligible at these collision parameters.

TABLE 2

Shock Parameters and Pre-shock Conditions

Pre-shock ionization state UV Flux

._/IA± _o Bo Us nil+ �rib'(total) l_U_+ /7_tt_(total) GO

((:111-3 ) (fiG) (klns -1 )
1 4.5 0.25 3 50 0.01 0.01 1.08

2 9.0 0.25 3 100 0.50 0.25 1.77

3 28.6 2.5 3 100 0.50 0.25 9.21

4 90.4 25.(I 3 100 0.50 0.25 86.99

5 13.6 0.25 3 150 1.00 1.00 2.42

6 18.1 0.25 3 200 1.00 1.00 3.51

MAj_ is the Alfv&l Mach nunlber perpendicular to the velocity vector.

The UV photon flux term, Go (McKee et al. 1987, eq. [5.9] ), ix the total flux

(shock generated plus interstellar) normalized to that of the interstellar radiation field; i. e..

Go = 1 + (Fl_v,_hock/F_,,V, Ls')

where F_,_V,_ho& and F_:v,I,s" are the shock generated and interstellar UV fluxes.

or,



TABLE 3

Fragment Slowing Sputtering Fits (30-150 km S -1 )

Material bo bl b._ b:_

Graptfite/amorphous carbon 0.02376 -0.13233e-2 0.20262e-4 -0.45939e-7

Silicate 0.07107 -0.40067e-2 0.62749e-4 -0.16570e-6

Silicon carbide 0.04702 -0.25023e-2 0.37207e-4 -0.97758e-7

Diamond 0.02376 -0.13233e-2 0.20262e-4 -0.45939e-7

Iron 0.08251 -0.47683e-2 0.7876@-4 -0.23121e-6

Ice 0.28100 -0.05186 0.25260e-2 -0.14933e-4

= E_=ob;v; (vo in kms-')
_r

Bo=3/tG

TABLE 4

Percentage Graphite/Silicate Destruction (by mass)

Model 50 100 150 200

_0=0.25cm -3 1.1/1.7 7.0/18.4 12.4/31.6 46.7/49.0

n0=2.5 cm -z ... 10.8/3(/.7 ......

n0=25 cm -3 ... 12.5/36.9 ......

q£,



TABLE 5

A. Grain Destruction Analytical fit Parameters

Grain Velocity Range c d

(kin,-1)
Graphite (MRN) 41 - 100 (I.12 0.05

100- 150 0.11 0.04

150 - 200 0.69 0.91

Silicate (MRN) 45 - 100 0.33 0.15
100- 150 0.26 0.08

150 - 300 0.35 0.21

B. Large Grain Destruction and Disruption Analytical fit Parameters

Grain Velocity Range g h

(
Graphite (a >_ 1000A)

Silicate ((I _> 1000,zk)

40 - 50 6.52 2.61

50 - 100 0.70 -0.30

100 - 150 0.00 -1.00

150 - 200 -0.03 -1.05

40 - 50 3.78 1.51

50- 100 1.23 0.24

100- 150 0.02 -0.97

150 - 300 -0.09 -1.13

ct_
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FI(_ITI_E CAPTIONS

FIGURE 1. a) The high velocity impact of a projectile drives a strong (detached) shock int_,

the target, b) This shock can lead to vaporization and melting (,f the target material. It will
also create an excavation flow which carves out a crater. The arrows behind the shock indicat( _

the velocity vectors associated with this excavation flow. c) A schematic of the streamlines fc,r

the z-model with z = 3. See text for details.

FIGURE 2. Tile average ratio of (;rater volume to kinetic energy (in units of cm :_ erg-1)

for iron projectiles impacting various metalic surfaces. Calculated ratios have t,een evaluated

using equation (1) for a projectile velocity of 5 km s -_ and a critical t)ressure equal to the shear

modulus of the target metal. The data, taken from the experiments of Rudolph (1969) and

Fechtig, Nagel & Pailer (1980), are generally averages over a range of velocities and masses.

Typical collision parameters are micron sized projectiles (Mp __ 3 pg) impacting at __ 5 km s-1

FIGURE 3.--- The ratio of tile crater volume to tn'(,jectile volume as a flmction of velocity

for individual impacts of micron sized iron projectiles. The data for lead (filled triangles),

aluminium (dots), and copper (crosses) targets are taken from Rudolph (1969). The calculated

ratios have been evaluated using critical pressures approximately equal to the shear modulus.

See text for details.

FIGURE 4. The ratio of the crater volume to projectile volume as a f, mction of velocity for

individual impacts of micron sized polystyrene projectiles on soda lime glass (Mandeville and

Vedder 1971). The theoretical curve was calculated adopting a critical pressure of 300 kl,ars.

See text for details.

FIGURE 5.-- The cMculated size distribution of shattered fragments as a function of projectile

size and collision velocity. Projectile and target are graphite grains. The target size is 1000A.

Projectile sizes are indicated in the panels. The curves are labelled by the collision velocity.

Tile critical velocity is 1.2 km s-1 (Table 1). The catastrophic velocity is 75, 23, and 5 km s -1

for at, = 50, 100, and 250._, respectively.

FIGURE 6.-- The calculated size distribution of shattered fragments for various grain materials

for a 50 km s-1 impact of a 50,_ projectile on a 1000A target. Like materials have been assumed

in these calculations. The results for iron grains are indistinguishable fi'om those for silicates.

FIGURE 7.-- Fractional detruction and disruption rate for 2500A target grains traversing a

cloud of stationary projectile grains, all grains are graphite. Tile destruction a.nd disrut,tion

rate is shown for Val)orization and shattering for two target grain velocities (50 knl s-: and

100 km s-'). Note that we do not inch,de sputtering in these (;a.lculations.

FIGURE 8. --- Test particle velocity cah:ulations for graphite shattered fragments injected into a

100 km s-1 shock at 100 km s-1 and a cohmm density of 1017a cm -'2. Numerical and analytical

values are presented, tile numerically calculated velocities are those that decay more quickly

due to tile inclusion of plasn:a drag in the calculation. The sputtering threshold velocity is als:,
indicated.

FIGURE 9. Cumulative number of collisions, i. e., the total nulnl_er of cc_llisi:ms with _rai:ls

that a fragment sees during slowing, for the test h'agment veh,citi(,s shown in Figure 8.

FIGURE 10. Graphite grain initial MRN (solid), and postshock size distrilmti_ms ftn' tirst

order (dashed) and second order (dotted) shattered mass re-distribution schemes, fro" _,_ = 10[t

km s -1. See text for full explanation.
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FIGURE 11.-- Mass fraction sputtered fi'om fragments as a function of the initial injection

velocity.

FIGURE 12.-- 100 knis -1%tandard" shock profile (teniperature, T4 = Tk/104, density. '_._t,

and electron relative almndance, x_) as a function of the shocked eohunn density for MA± = 9.0

(corresponding to 7z0 = 0.25 cnl-aand B0 = 3/_G). To convert colunni density (NH = n,)l,_t) to

time: log t(yr) = log NH(cm-2)--i3.9. Also shown in the lower part of the plot are the graphite

grain velocities as a function of shocked cohunn density fi:)r three grain radii.

FIGURE 13a.-- Time dependent graphite grain destruction rate (fraction destroyed per year)

as a function of the shocked cohnnn density for vaporization and sputtering, for the %tandard"

shock of Figure 12.

FIGURE 131).-- Total graphite destruction or disruption rate multiplied 1)y tinle, and divided

by total initial grain inass, plotted as a function of the shocked cohmni density for collisional and

sputtering destructive processes, for the "standard" 100 knl s-1 shock. This plots grain fraction

destroyed versi_s shocked column, such that equal areas show equal destruction. Sliattcring so

dominates that the shattering rate for the grains in the largest lnass bin (radii= 2100A) is

multiplied by 0.005 to fit on the Figure•

FIGURE 13(;.-- Graphite grain bin inasses for four grain radii plotted as a function of the

shocked cohnnn density, for the %tandard" 100 knis-' shock. The 6A bin is empty at the

start of the calculation. This plot clearly shows the rapid disruption of the largest grains, and

the formation of snlall grains by shattering.

FIGURE 14a.-- Postshock graphite grain destruction, disruption and formation as a function

of radius presented as ratio of initial to final bin inass_ for shattering niass loss (short-dashed),

shattering nlass gain (short-dash-long-dashed), vaporization (long-dashe,t), non-thernial sp,tt-

tering (non-thermal sp., dot-long-dashed), and (hernial sputtering (dot-short-dashed), for _,_ =

50 km s-1. Also shown is the line for constant bin mass (dotted).

FIGURE 141). Sanle as for Figure 14a, but for t,_ = 100 kin s-'.

FIGURE 14(:. Same as for Figure 14a, but for t;_ = 200 km s -1

FIGURE 15a.-- Postshock graphite grain destruction (mass percentage destro.'y/ed) as a function

of shock velocity and destructive processes (thernlal sp. refers to (hernial sputtering, and

sputtering refers to non-(hernial sputtering) for fixed preshock density (_0 = 0.25 on1 -:_) and

magnetic field (B0 = 3/tG). Also shown, as total (JTHM), is the total destruction for shocks

with no shattering in grain-grain collisions taken from JTHM.

FIGURE 15t). Postshoek graphite grain shattering, i. e., percentage lna.ss fraction of the total

initial grain mass affected by shattering (shattered), and the fraction of the total initial grain

mass that shattered into sub-50X fragments (< 50A), and in sub-14X h•agments (< 14A) -

(fornled)

FIGURE

FIGURE

FIGURE

velocities

FIGURE

16a. Sanle as for Figure 15a, but for silicate' grains.

16b. Sanie as for Figure 151), but for silicate grains.

17.-- Graphite grain initial MRN (solid), and postshock size dis(film(ions for shock

of 50 kms -_ (dotted), 100 kms -_ (short-dashed), and 200 kms-' (long-dashed).

18. Graphite grain initial MRN (solid), and postshock size distrilmtions for various

t ')



shattered fragment power law indices, cU, ranging h'om 2.5 to 4.5 (equiv_dent to z values from

1 to -7) for v, = 100 kms -1.

FIGURE 19.-- Graphite grain initial MRN (solid), and postshock size distributions for two

catastrophic collision maximum shattered fr_tgment expressions: the standard shock calcula-

tion with the velocity dependent maximun, fragment dimension (dashed), and for velocity
-1

independent maximum fragment sizes (dash-dot), for _, = 100 kms

FIGURE 20.-- Grain radius for which 50_2_,of the initial grains survive the passage of a singl_'

shock, abel/, plotted against the shock velocity, _,,. Grains larger than ah_t] have a protm}fility

of less than a half of surviving the passage of a single shock.

FIGURE 21.-- Postshock graphite (solid) and silicate (dashed) grain destruction and disruption

as a function of preshock density, for fixed shock velocity (,,, = 100 km s -1) and magnetic

field (B0 = at*G); for the destructive process of vaporization,and sputtering (non-thermal and

thermal), and for the disruptive process of shattering (divided by 2).

FIGURE 22a.-- Test particle (a = 1000A) percentage destruction (t:,y mass) as a function of

shock velocity, for six grain materials. The ice data have l)een multiplied 1)3; a factor of 0.5.

FIGURE 22b.--- Test particle (a = 1000A) percentage shattering disruption (by mass) as a

function of shock velocity for the same materials as in Figure 19a.
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